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A B S T R A C T 
This thesis reports the studies of tetrapyrrole derivatives which have 
interesting optical properties. In the first part of this thesis, a series of "push-pull" 
diphenylporphyrins which are potentially useful in nonlinear optics are reported. 
Three "push-pull" and one "push-push" porphyrins with a ferrocenylethynyl electron 
donor at the we^o-position have been prepared by typical organic transformations, in 
particular the Sonogashira coupling reactions. The novel macrocycles have been 
spectroscopically characterized and the molecular structure of one of these 
compounds, namely, 5-(ferrocenylethynyl)-15-(4'-nitrophenylethynyl)-10,20-
diphenylporphyrinatonickel(II), has also been determined by single crystal x-ray 
analysis. 
Part II of this thesis describes the light harvesting naphthalene-
phthalocyanine systems. Four zinc(II) phthalocyanines substituted with four or eight 
1-naphthoxy groups have been prepared. Except for compound 77, all of these 
macrocycles are relatively free from molecular aggregation in THF and 
dichloromethane, giving an intense fluorescence emission. The energy transfer 
efficiencies from the excited naphthoxy groups to the central phthalocyanine cores 
have been studied by steady state fluorescence spectroscopy. The energy transfer 
quantum yields range from 15 - 40 % in THF and 25 - 80 % in dichloromethane, 
showing that naphthalene-phthalocyanine is a good combination in the construction 
of light-harvesting systems. 
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：筒要 
本論文報告了具新穎光學特性之四啦略衍生物的硏究。在論文的首部 
：：份’報告了一系列具非線性光學應用潛質的「推-拉」二苯基P卜啉。三個「推-
拉」及一個「推-推」式’以m⑶-二茂鐵乙炔基作爲給電子體的P卜琳均以一般 
的有機轉化’尤其是Sonogashira聯接反應合成。這些奇特的大環分子皆被光 
譜表徵，而其中5-(二茂鐵)乙炔基-15-(對确化苯)乙炔基-10，20-二苯基卩卜啉鎳(II) 
之分子結構亦被單晶X-射線分析測定。 
本論文第二部分描述了採光的萘-酞菁體系。四個分別被四或八個1-萘 
氧基取代的酞菁均予以合成。除了化合物77，這些大環分子都在四氫咲喃及 
二氯甲院中，免於分子聚集而發出強烈的螢光放射。於四氧呋喃中’由被激發 
的萘氧基到酞菁中心的能量傳送效率爲15 - 40 %，而在二氯甲院中則爲25 -
80 %。此項結果展現了萘-酞菁爲建造採光系統之良好配搭。 
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PART I 
‘ SYNTHESIS OF FERROCENE-CONTAINING 
PUSH-PULL DIPHENYLPORPHYRINS 
1 
C H A P T E R O N E I N T R O D U C T I O N 
1.1 Introduction to Nonlinear Optics 
1.1,1 Interactions of light with matters 
When a beam of light, which is an electromagnetic wave in nature, passes 
through a matter, the electric field of the light will interact with both electrons and 
nuclei in the matter, causing a displacement of charges from the equilibrium position. 
This results in an induced dipole {\x) which is proportional to the electric field 
strength (E) provided that the E is not so large. This proportionality constant a is 
called linear hyperpolarizability, i.e. = aE. In general, the induced moment 
depends on the orientation of the molecule with respect to the field. 
When a matter is subjected to an intense electric field, the material can become 
sufficiently polarized that the polarization response of the material is a nonlinear 
function of the field strength and can be expressed as: 
|i = ^o + a E + ( p / 2 ) E - E + ( 7 / 6 ) E - E - E 
where (3 and y are called the first and second molecular hyperpolarizabilities, 
respectively. 
The terms beyond aE are no longer linear in E, so these terms are known as 
2 
* 
nonlinear polarizations which give rise to nonlinear optical effects. Under normal 
conditions, the magnitude of a is much larger than those of p and y. Hence, if the 
intensity of light is not so intense, the polarization will apparently be linear with 
respect to the electric field. However, if the electric field is large, 
hyperpolarization could be observed. This is also the reason why nonlinear optical 
response was rarely observed before the invention of lasers which can generate a 
very intense radiation. 
» 
In bulk, the polarization observed is also related to the external electric field as 
the microscopic environment and is given by: 
P 二 PO + X⑴ E + X(2)E2 + X(3)E3 + … 
where P is the observed polarization, Po is the static dipole moment of the sample 
and X � are the susceptibility coefficients. 
Among the various nonlinear optical processes, second-harmonic generation or 
frequency doubling is of particular importance. A typical commercial laser emitted 
at 1064 nm will give a second-harmonic emission at 532 nm after passing through a 
second order nonlinear optical material. This transformation allows an extension 
of useful frequency ranges of lasers thereby increasing the amount of information 
that can be stored on an optical disk by three-folds� Related phenomena such as 
3 
sum frequency generation and linear electrooptic effect are also the characteristics of 
nonlinear optical materials which render them useful as light modulators, optic 
switches, optical logic, and optical limiters. 
1,1,2 Structural Requirements of Second-Harmonic Generating Molecules 
To prepare materials with high nonlinearity, we have to understand the effects 
of structures on hyperpolarizabilities. Hyperpolarizabilities can be predicted with 
various theoretical protocols, among which sum-over-states (SOS) calculation is 
most commonly used. In SOS calculations, molecular hyperpolarizabilities are 
expressed in terms of mixings between the ground and the excited states of a 
molecule.^ In most donor-acceptor-substituted chromophores, the observed values 
can be reasonably accounted by a two-state model, in which the charge transfer 
excited state dominates the perturbation sum. The first molecular 
hyperpolarizability (P) can be expressed as: 
ge 
where g represents the ground state, e represents the excited state, \x is the dipole 
matrix element between the two subscripted states and E is the energy of the 
4 
* , ' ' 
transition between two subscripted states. 
Large second-order optical nonlinearities are associated with structures that are 
very polarizable in an asymmetric manner. The standard structural prescription for 
organic molecules that exhibit hyperpolariabilities involves an electronic donor and 
an acceptor linked to a conjugated 7r-system. Some well known examples include 
merocyanines and asymmetrically substituted stilbenes and polyenes (Figure 1). 
R ^ L — — L O 
D o n o r ~ jc-system ~ Accep to r 
M e — N / = \ / = \ 
Figure 1 Examples of organic nonlinear optical compounds 
5 
The structural control of p has been well documented. Generally, molecules 
with strong electron-donor and acceptor groups that are connected by a large 
conjugated 7I-system usually exhibit high p values. This can be illustrated in 
Table which gives the P values of a series of push-pull polyenes. It can be seen 
that the stronger acceptor —CH=C(CN)2，compared with -CHO, and an increase in 
conjugation length leads to higher P values. 
Table 1 Nonlinear Optical Properties of Donor-Acceptor Polyenes of the form 
D-(CH=CH)n-A 
D A n p / 1 0 3 � e s u p(0) / e s u 
^ ^ CHO i o 3 Ks 
MesN CH=C(CN)2 1 1.0 0.9 
MesN CHO 2 3.3 2.9 
MezN CH=C(CN)2 2 6.1 5,0 
Et2N CHO 3 20 16.5 
Et2N CH=C(CN)2 3 45 32 
6 
* . ‘ 
1.2 Ferrocene as an Electron Donor in Second Harmonic 
Generating Molecules -• 
Investigations of nonlinear optical organometallic and coordination systems 
have been greatly intensified since the beginning of last decade. In contrast to the 
organic chromophores, these inorganic systems provide new variables, such as the 
diversity of the oxidation states of matters and the ligand environments, which can 
tune the nonlinear optical activities of these materials. Other attractive features of 
organometallic and coordination compounds include:^'^ (i) large oscilliator strengths 
of the charge transfer bands; (ii) low lying excited states and; (iii) significant 
difference between the ground state and the excited states dipole moment. In 
addition, chiral ligands can be coordinated to metal center to give 
non-centrosymmetric crystals, which would be more likely to give non-zero 
hyperpolariziabilities.9 
The presence of strong charge transfer absorption bands around implies that 
reabsorption of second-harmonic emission is possible at certain emission 
wavelengths. This is known as "transparency" problem. The problem is more 
severe for intensely colored species like porphyrins and phthalocyanines. However, 
7 
these classes of tetrapyrroles are still widely studied in the field of nonlinear optics. 
Their advantages will be discussed in details in the next section. 
Among the nonlinear optical organometallic systems, metallocene 
derivatives have been studied most extensively. Due to their facile redox abilities 
leading to charge transfer processes through the 71—electron conjugation, this class of 
compounds can exhibit very high hyperpolarizabilities. 
The great potential of metallocenes in the field of second-order nonlinear 
# 
optics was first demonstrated by Green et ai, who prepared the ferrocene derivative 
1.10 This compound crystallizes in a non-centrosymmetric fashion exhibiting a 
non-zero bulk quadratic hyperpolarizability. The SHG, as determined by Kurtz 
powder measurments at 1064 nm and systematic solvatochromatic studies, is 62 
times of that of urea. 
Fe 
NO2 
1 
A related series of ferrocenyl compounds 2 were reported by Bandy et al ‘ ^  
The measured SHG efficiencies ranged from 1.2 to 17.0 times of that of urea. 
8 
* 二 
- * •‘ 
^ ^ N02 CN CHO YO, NO, 
2 
introduction of a methyl group to the ferrocene derivative imparts asymmetry in the 
molecules leading to a higher bulk hyperpolarizability as expected. 
Marder et al ^^  also prepared a series of ferrocene derivatives 3，which have a 
pyridinium cation as the electron acceptor. Table 2 summarizes the SHG 
efficiency of these compounds with different counterions. One of the interesting 
» 
observations in this study is the dependence of SHG efficiencies on the nature of 
counter anions. When the counterion is iodide, the SHG efficiency could be as 
high as 220 times of that of urea standard, while using chloride or mesylate as the 
counter anions, the SHG efficiency vanishes. It was also found that ruthenocenes, 
due to their higher oxidation potentials, are weaker donors leading to a lower SHG. 
9 
Fe 
^ ^ X -
：： 3 
Table 2 Powder second harmonic generating efficiencies of compounds 3 with 
different counter anions at 1907 nm; the values are given as multiples of that of urea 
standard 
X SHG efficiency 
i ^ 
Br 165 
CI 0 
BF4 50 
NO3 120 
BPh4 13 
PF6 0.05 
CF3SO3 0 
p-MePhSOs 13 
A more systematic study of the factors affecting the first molecular 
hyperpolarizabilities of ferrocene derivatives was carried out using the series of 
molecules 4.i4�i5 it was shown that substitution of methyl groups on one of the 
10 
• 二 
cyclopentadienyl rings, an increase in conjugation length between the metallocene 
moiety and the electron acceptor, and the use of iron(II) ion, would increase the 
molecular hyperpolarizability. 
^ ^ M S X ) r ^ R = Me, H 
^ \ X \ / " Y M = Fe,Ru 
R - J L - R ^ ^ N = NO2，Ac, CN，CHO 
R - ^ ^ ^ R n = 1 , 2 
R 
4 
Aromatic rings other than substituted phenyl group can be used to construct 
nonlinear optical molecules. Herrmann et al ^^ prepared a series of 
azulene-containing compounds 5 - 7, in which the azulene group behaves as an 
electron acceptor. The first molecular hyperpolarizability of compound 5，as 
determined by Hyper-Rayleigh scattering, was found to be 13.0 X C m^ V"^ , 
which is relatively high when compared with 4-(A^^-dimethylamino)ciimamic 
aldehyde 一 a classical nonlinear optical chromophore (p = 
9.6 X C nr^  V ) . 
The hyperpolarizabilities of compound 6 and 7 could not be obtained because of 
态 ^ 态 厂 
5 6 7 
11 
* . 
their absorptions in the first-harmonic frequency. 
Heterocyclic rings were also used as electron acceptors for ferrocenyl nonlinear 
optical molecular systems. Compounds 8 - 1 0 are some of the representative 
examples . 17 It was found that a stronger acceptor coupled to the ferrocenyl moiety 
can lead to a larger oscillator strength of the charge-transfer absorption band, 
resulting in a higher P value. The P values of compound 8 and 9, for example, are 
3 and 5 times higher than that of 4-MA^-dimethylamino-4'-nitrostilbene, 
respectively/ 
0 ^ T ^ P 
辟 ： ^ ^ C N ^ ^ . 
EtN-\ f I ^^ /-\ CIO4 
S ^ 
8 9 10 
(n = 0 - 2 ) ( M = Ru, Fe) 
A ferrocenyl Schiff base 11 was prepared by condensation of 
ferrocenecarbaldehyde with the corresponding amine. Solvatochromism was 
observed in the solution state. However, no SHG efficiency could be observed in 
I N - N . / = \ 
11 
12 
• , : 
• * 
its crystalline form, showing that the compound crystallizes in a centrosymmetric 
manner. 
To examine the effects of the bridges on 义⑵，Coe et al. prepared compounds 
12，20 which have either a stilbene or diarylazo bridge. It was found that the 
diarylazo-bridged chromophores crystallize in a centrosymmetric manner giving a 
zero SHG value. By contrast, the stilbene bridged compounds exhibited nonlinear 
response. The SHG efficiency was found to be five times higher than that of the 
urea standard. 
R 
R = Me, H 
Fe X " " Y _ / ^ � 2 X = N, CH 
12 
"Push-pull" organoboranes 13 and 14 utilizing ferrocene as the electron 
A « H 
donating group were also prepared by Marder et al ‘ Boron, having an empty 
orbital, behaves as an electron acceptor in these systems. By using a EFISH 
technique, the second order molecular hyperpolarizability 24 x 10"^ ® esu for 14. 
Fe Fe 
13 
13 
* 
� 
I 
One of the early examples using of metallo-complex as electron acceptor is 
compounds I S ? in which the palladium(II) center functions as the 
‘electron-withdrawing part. It is worth noting that upon complexation with the 
palladium(II) center, the SHG efficiency increases by an order of two. 
Z 
/CI 
^ ^ x x = s , s o 
I PK Fe 
15 
Sarkar et al^^ also prepared a series of carbene complexes 16, which utilize the 
M(C0)5 moieties as the electron-withdrawing groups. The synthesis of these 
chromophores involved the treatment of formylated ferrocenes with methyl methoxy 
metal carbenes. The first molecular hyperpolarizabilities of these compounds, as 
determined by hyper-Rayleigh Scattering experiments, ranged from 110 X 
esu^ to 2420 X esu. 
O M e 
(0C)5M=< 
M e 
^ ^ f V l N E t s / T M S C l / E t p / r . t . „ = o-3 
Fe \ • Fe \ \ M(C0)5 M = Cr or W 
^ n O 态 
16 
Scheme 1 
14 
、 -
• , : 
• 為 
Unsymmetrically substituted ferrocene derivatives are desirable candidates to 
give non-centrosymmetric crystals. Rihs et al^^ first synthesized an 
enantiomerically pure ferrocene derivative 17 (R = CH=CH2) which was expected to 
give non-centrosymmetric crystals. However, x-ray diffraction study revealed that 
the molecules arrange in an anti-parallel fashion. The SHG efficiency therefore 
was still low. 
^ R = CHCH2�Me, CH2OH, SiMe3 • 
Fe 
17 
Non-centrosymmetric ferrocenyl crystals were also prepared by Balavoine et 
For compound 17 (R = Me), the crystal packing was close to centrosymmetric. 
The associated SHG efficiency was just six times of that of urea. However, when the 
ferrocenyl group was substituted with a hydroxymethyl or trimethylsilyl group, the 
crystal packing was basically non-centrosymmetrical, giving an efficiency 20 and 
100 times, respectively, higher than that of urea. 
15 
* 
1.3 Porphyrin as a Platform of Second Harmonic Generating 
Molecules 
",-
Porphyrins possess some unique properties which render them useful in various 
optoelectronic applications. They have relatively high thermal stability as 
compared with other common organic chromophores. They also contain a large 
conjugated 7C-system which is easy to polarize. Their physical properties can also be 
easily tuned by rational modification of the peripheral substituent, the metal center, 
and the axial ligands. 
Among these properties, a large polarizable pool of Tc-electrons appears to be 
the major attraction, as this implies that the excited state dipole moment will be 
significantly different from the ground state dipole moment and the transitional 
dipole moments from the ground state to the excited state should be large. As 
mentioned in previous section, transitional dipole moments and differences between 
the excited and ground state dipoles are the major factors affecting quadratic 
hyperpolarizabilities. Porphyrin-based nonlinear optical materials are therefore 
receiving much current attention, in particular those exhibiting third-order nonlinear 
effects.28’29 
Suslick et al.说 reported the first examples of porphyrins 18，which show 
16 
• . • -
- * 
second-order nonlinear optical effects. In these molecules, amino groups act as 
electron donors while nitro groups act as electron acceptors. As shown in Table 3， 
the values of P depend on the substitution pattern. 
NO2 
R2 
18 
Table 3 First molecular hyperpolarizabilities of the Suslick's "push-pull" 
porphyrins 
R2 (3/10"^"esu 
NO^ NO^ 10 
NO2 NH2 30 
NH2 NH2 20 
17 
• 
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The first molecular hyperpolarizabilities of another series of push-pull 
porphyrins 19 were measured using a hyper-Rayleigh scattering technique at 
1064 nm.31-32 As shown in Table 4，it can be seen that the hyperpolarizabilities of 
copper(II) porphyrins are larger than those of zinc(II) counterparts, which in turn are 
larger than those of the free base "push-pull" porphyrins. The introduction of a 
strong electron withdrawing nitro group at one of the p positions also increases the 
values of PHRS. It is worth noting that the porphyrins bearing 
;7-dimethylaminophenyl groups at the we^o-positions weakly absorb at 
532 nm and a two-photon resonance enhancement may be the major factor of their 
unexpectedly high hyperpolarizabilities. 
To extend the 7I-conjugation system and allow the donor and acceptor lie on the 
same plane, Therien et al prepared the push-pull porphyrins 20.33 � � � p - v a l u e s of 
these compounds, as determined by hyper-Rayleigh scattering at 1064 nm, was 
estimated to be 4933 X cm^ esu'^ (for M = Zn) and 1501 X cm^ esu] (for 
M = Cu). The former value is by far the largest p value yet measured for an 
organic-based chromophore. However, according to INDO/SCI calculations 
performed by Priyadarshy et alj"^ this value was much higher than the theoretical 
value (472 X cm^ esu"^). It appeared that the very large hyperpolarziabilities 
18 
• • : 
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X 
X 
19 
Table 4 Structure and first molecular hyperpolarizabilities of Sen's P-substituted 
porphyins 
X Y M Phrs/10-30 esu 
F H 2H 1.90 
NMe2 H 2H 7.20 
F NO2 2H 10.1 
NMe2 NO2 2H 54.0 
F H Zn 2.80 
NMe2 H Zn 11.2 
F NO2 Zn 11.8 
NMe2 NO2 Zn 92.0 
F H Cu 3.90 
NMe2 H Cu 19.2 
F NO2 Cu 19.6 
NMe2 ^ ^ ^ 
19 
• r 
� \ N N==/ 
I ( M = Zn，Cu) 
20 
for these compounds are resonance enhanced. This was corroborated with the stark 
effect spectroscopy study of 20 (M = Zn) at 1907 nm,^^ which gave a much less 
degree of resonance enhancement. The (3 value measured with this technique was 
9 6 0 X 10-3Qesu. 
Our group has recently prepared a series of closely related push-pull porphyrins 
in which the acceptor is linked to the porphyrin core by an ethenyl moiety^ The 
21 
20 
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values of (3 for these compounds were determined by EFISH at 1907 nm and 
computationally by semi-empirical method (ZINDO sum-over-state). The values 
of p^ (124 and 66 X cm^ esu'^ for X = 0 and C(CN)2, respectively) are 
moderate because the acceptor group is significantly tilted with respect to the 
porphyrin core in these complexes, which decreases the electronic coupling across 
the system. This nonplanar geometry has been confirmed by X-ray structure 
analyses and molecular modeling studies. 
21 
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1.4 Target Molecules of This Project 
Although ferrocene-containing porphyrins have been prepared as model 
compounds for various electrochemical and photochemical studies, "push-pull" 
analogues in which ferrocene is present as an electron donor is still unknown so far. 
As we discussed above, ferrocene and porphyrin are two types of useful components 
for the preparation of nonlinear optical molecular materials. A combination of 
these two components may result in encouraging nonlinear optical responses. As a 
result, we would like to prepare this series of novel molecules. 
Our target molecules are shown in Figure 2. Nickel(II) 
5,15-diphenylporphyrin is used as the platform to which a ferrocenyl group and 
various electron donor/acceptor are connected. 
X = CHO, CHC(CN)2， 二 = 
Figure 2 Target molecules of this project 
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C H A P T E R T W O R E S U L T S AND D I S C U S S I O N 
2.1 Preparation of Alkynyl Fragments 
: Planarity of molecule allows a larger delocalization of electrons which can 
enhance the hyperpolarizability.^^'^^ Acetylene linkage is a desirable candidate 
which can facilitate the electronic communications between the ferrocene donor and 
the acceptors through the porphyrin core. As a result, several substituted alkynes 
were prepared as the starting materials and their syntheses are reported in this 
subsection. 
2.1 I Preparation of l-ferrocenylethyne (24) 
Acetylation of ferrocene was performed by treating ferrocene with acetic 
anhydride in 85% phosphoric acid. This reaction gave the acetylferrocene (22) as 
an orange solid.^^ Formylation of acetylferrocene by the Vilsmeier reagent gave 
(1 -chloro-2-formylvinyl)ferrocene (23) as a red solid, which was hydrolyzed in a 
basic solution of dioxane to give ferrocenylethyne (24) (Scheme 
23 
Ac20，85% H3PO4, o (i) DMF，POCI3, 0�C，2 h 
^ ^ 100°C, 1 h (ii) 30% NaOAc (aq)�r.t., 12 h 
I I \ 
Fe Fe 
(63%) (830/0) 
22 
Ql (i) 0.5 M NaOH, dioxane, reflux, 5 min 
"^^^^-^CHO (ii) HCl (aq) s ^ ^ ^ r - ^ 
Fe Fe 
^ ^ ( 6 8 % ) 
23 24 
Scheme 2 
2.1.2 Preparation of l-ethynyl'4-nitrobenzene (26) 
The synthesis route of this compound is shown in Scheme 3 , Sonogashira 
coupling4i of 1 -bromo-4-nitrobenzene and trimethylsilylethyne afforded compound 
25 in good yield. This alkyne is relatively stable and can be stored in a freezer for 
several months. Upon hydrolysis, this compound was converted to 26, which is 
^―TMS 
Pd(PPh3)2Cl2�Cul, THF, 
OoN-H^^^V-Br — O z N - ^ O = TMS 
2 \ = / (93%) \ = / 
25 
NaOH (aq), MeOH, 
r. t.， 1 h 
(69%) 
26 
Scheme 3 
24 
relatively unstable. Thus this terminal alkyne was freshly prepared prior to use. 
(Scheme 3). 
2,1,3 Preparation of l-ethynyl'4-(N,N-dimethylaminophenyI)benzene (28) 
Treatment of 4-bromo-A^,A^-dimethylaniline with trimethylsilyl acetylene 
under standard Sonogashira coupling conditions'^^ gave compound 27，which could 
be converted to 28 upon basic hydrolysis (Scheme 4).42 Similar to the nitro 
analogues, the terminal alkyne 28 is less stable than the TMS-protected alkyne 27. 
Compound 28 was generated before use. 
^ - T M S 
Pd(PPh3)2Cl2�Cul, THF, 
— M e ^ N - / ^ 二 TMS 
\ = / (91%) 
27 
NaOH (aq), MeOH, 
r, t.，1 h 
(94%) 
28 
Scheme 4 
25 
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2.2 Preparation of Porphyrin Precursors 
To prepare push-pull porphyrins with high hyperpolarizabilities, the electron 
donor and acceptor should be aligned on the same axis. 5,15-Diphenylporphyrin is 
thus an ideal candidate for such a design as it offers two reactive me^o-positions 
where electron donors/acceptors can be attached."^^ 
Dipyrrylmethane (29) was prepared by the condensation of pyrrole with 
paraformaldehyde in an acetic acid/methanol mixture according to the method 
‘ reported by Wang and Bruce.44 Compared with the method reported by Clezy et 
(2/.�45�46 this one-step approach can avoid the use of toxic thiophosgene and tedious 
chromatography. Besides, a large amount of product in gram quantitity can be 
prepared within a few days. 
5,15-Diphenylporphyrin (30) was prepared by the condensation of 
dipyrrylmethane and benzaldehyde using the modified Manka and Lawrence's 
procedure.47 Treatment of compound 30 with nickel acetate dihydrate in 
refluxing DMF afforded the nickel(II) porphyrin 31 in good yield. Due to the 
limited solubility of 31 in common organic solvents, the compound was purified 
simply by filtration through a short bed of silica gel. 
26 
HCHO, AcOH, MeOH PhCHO，CF3COOH, CH2CI2， 
^ ― ^ r. t.，12 h r-1” 12 h 
V ^ ^ “ h h n J ^ 
、 29 
^ f V V ^ Ni(0Ac)2-4H20, DMF, / v S ^ 
V N j ^ W reflux, 12 h V N ^ ^ ^ W 
f ] 
“ / / 幻 
NBS, pyr., CHCI3, r.t., 5 h / / ( i ) POCI3 / DMF / CICH2CH2CI, 
/ / 50 °C, 2.5 h 
( 92%) / / (ii) sat. NaOAc (aq), 60°C,2h 
Z / ( 79%) 
32 33 34 
Scheme 5 
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Dibromoporphyrin 32 was prepared by bromination of 31 using 
iV-bromosuccinimide.47 This compound represents a key intermediate as it 
provides two reactive bromo groups situated in opposition positions for subsequent 
Sonogashira coupling. 
Compound 33 was prepared by Vilsmeier formylation. Vilsmeier reagent has 
been commonly used to introduce a formyl group into porphyrin cores since it was 
first introduced by Johnson and Oldfield in 1966.^^ Treatment of compound 31 
with Vilsmeier reagent afforded compound 33，together with some P-substituted and 
disubstituted products . 
Synthesis of compound 34 involved the use of Knoevenagel condensation. 
Knoevenagel condensation allows aldehydes or ketones which do not bear any 
a—protons to convert into tri- or tetra-substituted olefins respectively."^^ 
lO-Formyl-5,15- diphenylporphyrinatonickel(II) (33) can also undergo such type of 
condensation. By allowing malononitrile to react with 33 in the presence of 
triethylamine, compound 3 4 could be prepared in moderate y i e l d ? � 
28 
2.3 Synthesis and Characterizations of 5-Ferrocenylethynyl 
-15-formyl-10,20-diphenylporphyrinatonickel(II) (36) 
-,‘ 
The synthesis of compound 36 is shown in Scheme 6. Bromination of 
compound 33 with A^-bromosuccinimide in the presence of pyridine led to the 
formation of 5-bromo-15-formy 1-10,20-diphenyIporphyrinatonickel(II) (35) in good 
yield, while some meso,^-dibrominated products were also produced in a small 
quantity.49 Treatment of 35 with ferrocenylethyne (24) under typical Sonogashira 
coupling reaction conditions gave the push-pull porphyrin 36 in good yield. The 
green solid, after being purified by column chromatography, was characterized by 
various spectroscopic methods. As shown in Figure 3, the ^H NMR spectrum of 36 
shows a downfield singlet at 5 11.94，which can be assigned to the aldehyde proton. 
The four sets of doublets at 5 8.60 - 9.69 and the two multiplets at 5 7.64 - 7.93 are 
due to the four sets of P-protons and the phenyl protons of the porphyrin, 
respectively. The cyclopentadienyl protons' signals appear as a singlet at 5 4.40 
and two virtual triplets at 5 4.46 and 5 4.86 in ca. 5:2:2 ratio. The downfield 
virtual triplet is tentatively assigned to the protons nearer the acetylene bond as they 
should experience an additional deshielding due to the triple bond. 
29 
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盼 H � B 雄 ③ 
33 35 
I 
Fe 
24 (78%) 
Pd(PPh3)2Cl2，Cul, 
勵3 ’ THF, 12 h 
^ f ^ ^ - y 八 N ^ C H O 
36 
Scheme 6 
30 
Figure 45 shows the visible spectrum of compound 36 in which the Soret band 
appears at 434 nm and the Q-band appears at 618 nm with a shoulder at around 574 
nm. These peaks are much red-shifted when compared with those of 
tetraphenylporphyrin (Xmax: 418, 515, 550). The red shifts are, in part，due to the 
increase in conjugation in the major axis. However, this may also be an indication 
of mixing of intramolecular charge transfer and the TT-TI* transition of the 
porphyrin.) I The mixing was further evident by the higher Q-band intensity and 
二 � / J i � 广 CHO 
Fe / - N 
* 36 
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Figure 3 ^H NMR spectrum of compound 36 in CDCI3, * denotes residual 
solvent 
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broadening of both Soret and Q-band of compound 36 as compared with those of 
tetraphenylporphyrin. 
The infrared spectrum of 36 indicated the presence of carbon-carbon triple 
bond stretching at 2194 cm"^  and carbonyl group stretching at 1672 cm'\ The 
L-SIMS mass spectrum of 36 showed intense signals attributable to the molecular 
ion with expected isotopic pattern. The accurate mass determined {m/z 754.1008) 
was also in accord with the theoretical value {m/z 754.0961). 
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Figure 4 Visible spectrum of compound 36 recorded in dichloromethane 
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2.4 Synthesis and Characterizations of 5-(2 ‘,2‘-DicyanoethenyI) 
-15-ferrocenylethynyl-10,20-diphenylporphyrinatonickel(II) (38) 
-'V 
The synthetic route to 38 is similar to that of 36: using the dicyanoethenyl 
analog 34 as the starting material. Bromination followed by palladium-catalyzed 
coupling reaction led to the formation of 38 in a moderate yield. The first step 
could not be monitored by thin layer chromatography as the R/ values of both 
compounds 34 and 37 are virtually the same in most eluents. The reaction was 
presumed to be complete when the Soret band of the reaction mixture shifted from 
421 nm to 429 nm. The latter step proceeded readily at room temp, and could be 
complete within 3 h. Repeated chromatography was required for purification. 
Figure 5 gives the ^H NMR spectrum of compound 38 recorded in CDCI3. 
The downfield singlet at 5 9.87 is assigned to the ethenyl proton. The signal is 
much downfield than those for ordinary ethenyl protons since the proton is located 
next to the porphyrin ring which generates an addition ring current to deshield the 
proton. The four doublets attributable to the P-protons appear at 5 8.55 - 9.33, 
which are upfield by 0.4 ppm compared with those of 36. This can be rationalized 
by the fact that dicyanoethenyl group is a stronger electron withdrawing group 
which decreases the electron density in the porphyrin ring, leading to a weaker ring 
33 
f N\ / N - ) NBS, pyr., CHCI3，r.t., 1 h ^ O Q 
(59%) 
34 37 
I 
Fe 
24 ( 69 % ) 
, Pd(PPh3)2Cl2，Cul, 
NEt3，THF, 12 h 
，r 
38 
Scheme 7 
current. Similar to the NMR spectrum of 36，the spectrum of 38 also shows two 
multiplets at 5 7.64 - 7.90 for the phenyl protons and a singlet (5 4.39) together with 
two virtual triplets (5 4.46 and 4.85) for the ferrocenyl protons. 
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Figure 5 ^H NMR spectrum of compound 38 in CDCI3, * denotes residual 
solvent 
The visible spectrum of compound 38 is shown in Figure 6. The Soret band 
appears at 457 nm while the Q-band appears at 644 run. Both bands are broader 
than their counterparts for 36. Moreover, the Q-band for 38 is structureless, while 
a shoulder can be seen near the Q-band of 36. This implies that the mixing 
35 
between the intramolecular charge transfer band and the n-n* transitions appears to 
be more significant in 38. 
The infrared spectrum of 38 showed the acetylenic C=C stretching and nitrile 
C=N stretching at 2219 and 2193 cm"^ A medium band at 1683 cm] also appeared 
which can be attributed to the olefinic C=C stretching. The molecular ion signal 
for 38 was revealed in the L-SIMS mass spectrum with a slightly distorted isotopic 
pattern. 
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Figure 6 Visible spectrum of compound 38 recorded in dichloromethane 
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2.5 Synthesis and Characterizations of 
5-FerrocenyIethynyl-15-(4'-nitrophenylethynyl)-10,20-diphenyl 
px)rphyrinatonickel(II) (40) 
Dibromoporphyrin 32 was treated with one equivalent of 26 using the 
Sonogashira Coupling at a slightly elevated temperature to afford compound 39. 
Both starting porphyrin 32 and disubstituted products were detected in the reaction 
mixture, leading to a rather low reaction yield. A further palladium-catalyzed 
coupling reaction of 39 with ferrocenylethyne (24) gave the push-pull porphyrin 40, 
which was purified by chromatography with silica gel followed by recrystallization 
from chloroform. 
As shown in Figure 7, the ^H NMR spectrum of 40 is quite different from those 
of 36 and 38. The two doublets located around 6 9.46，the apparent triplet at 5 8.73， 
the doublet at 5 8.37, and the signal embedded near 5 8.00 can be assigned to the b 
protons and the phenyl ring protons of the acceptor. The multiplets at 5 8.00 and 
7.73 are due to the me^o-phenyl protons, while the singlets at 5 4.87, 4.45 and 4.41 
are abscribed to the ferrocenyl protons. 
As shown in figure 8，the Soret band appears at 443 nm and the Q-band appears 
at 621 nm. These values lie between the corresponding values of 36 and 38. 
37 
k y Kf^ 
26 mPd(PPh3)2Cl2，Cul, NEt 3, THF, 
60。C，12h V n ^ / N - / 
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^ (36%) 
Pd(PPh3)2Cl2: Cul, 
NEt3, THF, 50°C 
o 
40 
Scheme 8 
Compound 40 was also characterized with IR spectroscopy, which showed a strong 
band at 2194 cm"^  due to the C = C stretching, and mass spectroscopy, which 
revealed the molecular ion with correct accurate mass. 
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Figure 7 ^H NMR spectrum of compound 40 in CDCI3, * denotes residual 
solvent 
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Figure 8 Visible spectrum of compound 40 recorded in dichloromethane 
39 
The structure of compound 40 was unambiguously established by 
single-crystal x-ray analysis. Figure 10 shows a perspective view of the structure 
of 40. The crystal data together with the structural parameters are given in 
Appendix B. It is worth noting that structurally characterized alkynylporphyrins 
are rare. Compounds 41 - 44 are some examples which are related to compound 
40.50,51 
O O 
41 42 
43 44 
As shown in Figure 9，the porphyrin core of 40 is relatively planar. The 
root-mean-squares deviation of fitted atoms in the porphyrin core is 0.111 A, which 
4 0 
* 
is slightly larger than that of 41 and 42 (0.04 A - 0.05 A), but substantially smaller 
than that of 43 and 44 (0.33 A and 0.19 A, respectively). The dihedral angle of 
� 
the aryl ring C(n) ( n = 1 - 6 ) and the porphyrin core is 5.6，showing that this group 
and the porphyrin ring adopt a nearly coplanar arrangement. The two we^o-phenyl 
groups are however tilted with respect to the porphyrin ring. The dihedral angles 
between the porphyrin ring and the two aryl groups C(3n) ( n = 1 - 6 ) and C(4n) ( n 
= 1 - 6 ) are 70.3�and 59.2。，respectively. 
# 
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Figure 9 Molecular structure of compound 40 
41 
The bond lengths of C(7) = C(8) and C(47) = C(48) are 1.171 and 1.200 A 
respectively, which are similar to those observed in 41 一 44，which range from 1.17 
-'V 
to 1.20 A，and in ferrocene-containing ethyne 45 (1.19 A for the triple-bond adjacent 
to ferrocene).52 
Fe 
45 
As shown in the packing diagram of 40 (Figure 10)，the molecules are 'aligned 
in an anti-parallel fashion between layers. It is thus expected that the compound will 
not show bulk hyperpolarizability due to its centrosymmetric nature. 
减 潘 一 ? ^ 
Figure 10 Packing diagram of compound 40 
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2.6 Synthesis and Characterizations of 
5-(FerrocenyIethynyl)-15-(4'- (N,N-dimethylamino)phenyl)ethynyl)-
-'V 
10,20-diphenylporphyrinato nickel(II) (47) 
The synthetic route to compound 46 also involved palladium-catalyzed 
coupling reactions. Treatment of 32 with one equivalent of 28 gives the 
unsymmetrical porphyrin 46, which was then coupled with ferrocenylethyne (24) to 
give 47.53 (Scheme 9) 
§ 
Figure 11 shows the ^H NMR spectrum of compound 47 in CDCI3. The two 
sets of doublets at 5 9.46 and 9.51 and the apparent triplet at 6 8.69 are tentatively 
assigned to the P-protons of the porphyrin core. The doublet at 5 6.77, together 
with the signal masked by the meso-phQuyl protons' signal at 5 7.72，are attributed to 
the phenyl protons in the dimethylaminophenyl group. The multiplets at 5 7.98 
and 7.72 are due to the w它叨-phenyl groups while the singlets at 5 4.86 and 4.41 are 
the due to the ferrocenyl protons. The singlet at 5 3.02 is assigned as to the 
remaining methyl groups. 
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The visible spectrum of 47 is similar to those of other push-pull porphyrins 
reported previously. The data are listed in Table 5, which also conatins the data for 
other related porphyrins. It can be seen that both the Soret and Q-band of 47 are 
significantly red-shifted by 15 and 10 nm respectively. With respect to those of 
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Figure 11 ^H NMR spectrum of compound 47 in CDCI3, * denotes residual solvent 
Table 5 Visible absorptions maxima (in nm) of porphyrins 36，38，40 and 47 in 
dichloromethane, with the log s shown in parenthesis 
Compound number Soret band Q-band 
36 436 (5.46) 621 (4.64) 
38 457 (5.49) 649 (4.78) 
40 443 (5.49) 621 (4.71) 
47 459 (5.36) 631 (4.89) 
45 
compound 40，these spectral changes may arise from the delocalization of the lone 
pair electrons at the nitrogen atom in the amino group into the 
-'V 
ferrocene-porphyrin-phenyl conjugated system. 
Compound 47, which contains the electron donating ferrocenyl and 
dimethylamino groups, is not a push-pull porphyrin. However, it may be converted 
to a push-pull porphyrin through a slight modification. For example, oxidation of 
47 at the ferrocene site may give a cationic porphyrin, in which the ferrocenium 
cation behaves as an electron deficient group. Alternatively, protonation of 47 at 
the amino group may give another cationic porphyrin in which the quaternary 
ammonium centre is the electron accepting group. Accordingly, the reactions were 
attempted. Unfortunately, treatment of 47 with hydrochloric acid led to the 
formation of a red solid with unknown composition. Protonation using perchloric 
acid gave a brown solid that did not show any typical absorptions of porphyrins. 
Protonation with acetic acid and quatemization with methyl iodide at room 
temperature led to a recovery of the starting material. Attempts to oxidize 
porphyrin 47 with iodine or 2,3-dichloro-5,6-dicyanobenzoquinone in 
dichloromethane were not successful. As determined by thin layer 
chromatography analysis, compound 47 was recovered in these reactions. 
46 
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2.7 Conclusion of Part One 
By employing several common methodologies, in particular, the Sonogashira 
" - ‘ 
coupling reactions, three "push-pull" we^o-substituted porphyrins 36, 38 and 40 and 
a "push-push" porphyrin 47 were synthesized and characterized. The molecular 
structure of compound 40 was also determined, which shows a large and rather 
planar 冗一conjugation system. These novel tetrapyrrole derivatives may exhibit 
interesting second-order nonlinear optical properties which are currently being 
# 
investigated. 
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C H A P T E R T H R E E E X P E R I M E N T A L S E C T I O N 
I 
3.1 General Information 
Air sensitive reactions were carried out using standard Schlenk-line techniques 
under an atmosphere of nitrogen. Pyrrole and triethylamine were distilled from 
calcium hydride before use. Dichloromethane and 1,2-dichloroethane were distilled 
from calcium hydride and phosphorous(V) oxide, respectively. THF and DMF were 
distilled from sodium benzophenone ketyl and barium oxide, respectively. Hexane 
for chromatography was distilled from anhydrous calcium chloride. Al l other 
solvents and reagents were purchased from commercial sources and used as received 
without further purification. Chromatographic purifications were performed on 
silica gel columns (Macherey Nagel, 70-230 mesh) with the indicated eluents, unless 
otherwise specified. 
3.2 Physical Measurements 
Melting points are uncorrected. ^H NMR spectra were recorded in CDCI3 
solutions at 300 MHz on a Bruker DPX 300 spectrometer, and are reported in ppm 
48 
downfield from tetramethylsilane. Ultraviolet-visible spectra were recorded in 
dichloromethane on a Gary 5E spectrophotometer. IR spectra were obtained on a 
TT-IR spectrometer as KBr pellets. L-SIMS mass spectra were taken on a Bruker 
APEX 47e mass spectrometer using a 3-nitrobenzyl alcohol matrix. 
3.3 Preparation of alkynyl fragments 
Acetylferrocene (22). A mixture of ferrocene (34.0 g, 0.18 mol), acetic 
anhydride (90.0 mL，0.950 mol), and 85% phosphoric acid (7 mL) was stirred at 
100。C for 1 h. The resulting mixture was cooled and poured into ice (500 mL), then 
allowed to stand overnight. Sodium carbonate (73 g，0.53 mol) was added in small 
portions to neutralize the mixture. The orange-brown solid formed was filtered and 
washed with water (100 mL x 3). The crude product was chromatographed using 
hexane as eluent to give a bright-yellow band, which contained the unreacted 
ferrocene. After complete removal of ferrocene, the column was further eluted with 
ethyl acetate to develop an orange band. Evaporation of solvent led to the isolation 
of an orange solid (26.2 g，63%). mp 84 - 86 (lit.^^ 85 - 86 °C); NMR: 5 4.77 
(t,J= 1.9 Hz, 2 H, Cp-H), 4.51 (t,J= 1.9 Hz, 2 H, Cp-H), 4.21 (s, 5 H, Cp-H), 2.40 
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(s, 3 H, YcCOMe). 
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(l-Chloro-2-formyl)vinylferrocene (23).40 DMF (20 mL) was treated with 
phosphorus oxychloride (5 mL) for 15 min to give an orange-red viscous Vilsmeier 
reagent. A DMF solution (20 mL) of 22 (5.7 g, 25 mmol) was then added dropwise 
to the ice-cooled Vilsmeier reagent under nitrogen. The mixture was stirred at 0°C 
for 1 h, then it was slowly warmed to room temp, and allowed to stir for 2 h to give 
a brown solution. Saturated sodium acetate solution (150 mL) was then added 
dropwise to the brown solution and the mixture was stirred at room temp, for 12 h. 
The red solid formed was collected on a Buchner funnel, then it was dissolved in 
dichloromethane (100 mL). After drying with anhydrous sodium sulphate, the 
solution was concentrated and chromatographed using ethyl acetate/hexane (v/v 1:3) 
as eluent. The major red band was collected and concentrated to afford 23 as a red 
solid (5.92 g, 83%). ^H NMR: 5 10.08 (s，1 H，CHO), 6.39 (s, 1 H，CHCUO), 4.79 (s， 
2 H, Cp-H), 4.57 (s, 2 H, Cp-H), 4.25 (s, 5 H，Cp-H). 
Ferrocenylethyne (24). A solution of 23 (6.07 g，22.1 mmol) in dioxane (30 
mL) was heated under reflux, then an aqueous sodium hydroxide solution (0.5 M，30 
50 
mL) was added. The mixture was kept at this temp, for 10 min, then poured into ice 
(150 mL). The mixture was mixed with HCl (2 mL) and extracted with ether (100 
mL X 3). The combined extracts was dried over anhydrous magnesium sulphate, 
filtered and concentrated. The residue was chromatographed using hexane as eluent. 
The first yellow band contained a trace amount of ferrocene and the orange band 
followed was collected and concentrated to afford 24 as an orange solid (3.15 g, 
68%). mp 54 - 55。C (lit 4。51 - 53.5 °C); ^H NMR: 5 4.46 (t，J= 1.8 Hz, 2 H，Cp-
H), 4.22 (s，5 H，Cp-H), 4.19 (t, J= 1.8 Hz, 2 H，Cp-H), 2.72 (s, 1 H, ArC^CB). 
l-Nitro-4-Trimethylsilyethynylbenzene (25).4i To a mixture of l-bromo-4-
nitrobenzene (100 mg, 0.495 mmol), Pd(PPh3)2Cl2 (7 mg, 10 |Limol) and copper⑴ 
iodide (4 mg, 21 ^imol) in freshly distilled THF (15 mL) was added 
trimethylsilylethyne (0.30 mL, 3.00 mmol) and triethylamine (4 mL) under nitrogen. 
The mixture was stirred at the room temp, for 12 h, then filtered. The filtrate 
collected was concentrated and re-dissolved in diethyl ether (20 mL). The etheral 
solution was washed by water (20 mL), dried with anhydrous magnesium sulphate 
and concentrated. The residue was chromatographed on an alumina column 
(activity grade I) with dichloromethane/hexane (1:1) as eluent to give 25 (101 mg, 
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93%). 1H N M R : 5 8.16 (d，J = 8.9 Hz, 2 H, ？hH), 7.58 (d，《/= 8.9 Hz, 2 H，？hH), 
0.27 (s，9 H ， S _ ) . 
l-Ethynyl-4-nitrobenzene (26). An aqueous sodium hydroxide solution (1 N， 
1 mL) was added to a methanol solution (15 mL) of compound 25 (50 mg, 0.229 
mmol). The mixture was stirred at room temp, for 1.5 h，then water (20 mL) was 
added. The aqueous solution was extracted with diethyl ether (20 mL) and the 
extract was dried over anhydrous magnesium sulphate, filtered and concentrated. 
The residue was chromatographed on an alumina column (activity grade I) using 
dichloromethane/hexane (v/v 1:1) as eluent to give compound 26 as a pale yellow 
solid (23 mg, 69%). mp 147-149 (lit'^ 149-150 °C). 
7V^-Dimethyl-4-trimethylsilyethynylaniline (27) 42 To a mixture of 4-
bromo-A^^-dimethylaniline (500 mg, 2.50 mmol), Pd(PPh3)2Cl2 (35 mg, 50 ^imol) 
and copper® iodide (9 mg, 47 |imol) in freshly distilled THF (50 mL) was added 
trimethylsilylethyne (0.53 mL, 7.50 mmol) and triethylamine (20 mL) under 
nitrogen. The mixture was stirred at room temp, for 12 h and then filtered. The 
filtrate was concentrated and the residue was redissolved in diethyl ether (20 mL). 
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The etheral solution was washed with water (20 mL)，dried over anhydrous 
magnesium sulphate and concentrated. The residue was chromatographed on an 
alumina column (activity grade I) using dichloromethane/ hexane (v/v 1:1) as the 
eluent to give compound 27 as a pale yellow solid, was afforded when the collection 
was concentrated (493 mg, 91%). ^H NMR: 5 7.29 (d, •/= 9.0 Hz, 2 H, ？hH), 6.58 
(d，•/= 9.3 Hz, 2 H, ？hH), 2.91 (s，6 H, ArN她2), 0.18 (s, 9 H，SiMes). 
[4-(iV^-Dimethylamino)phenyl]ethyne (28). An aqueous sodium hydroxide 
solution (1 N，1 mL) was added to compound 27 (108 mg, 0.498 mmol) in methanol 
(15 mL) and the mixture was stirred at room temperature for 1.5 h. Water (20 mL) 
was added and the solution was extracted with diethyl ether (20 mL). The extract 
was dried over anhydrous magnesium sulphate, filtered and concentrated. The 
residue was chromatographed on an alumina column (activity grade I) with 
dichloromethane/hexane (v/v 1:1) as eluent. The first UV-active band was collected, 
while after concentration, gave a white solid. (70 mg, 94%) mp 141 - 143 °C (lit)】 
144 - 145 
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3.4 Preparation of some known porphyrins 
Dipyrrylmethane (29).44 Freshly distilled pyrrole (40 mL) was mixed with 
glacial acetic acid (60 mL) and methanol (20 mL) in a round-bottomed flask which 
was shielded with an aluminum foil under nitrogen. Paraformaldehyde (442 mg, 
14.7 mmol) was added into the mixture which was then stirred under a nitrogen 
atmosphere at room temp, for 12 h to give a dark green mixture. Dichloromethane 
(100 mL) was then added, and the mixture was washed with water (100 mL), 1 M 
sodium hydroxide solution (100 mL) and water (100 mL) subsequently. The organic 
layer was separated, dried over anhydrous magnesium sulphate and filtered. The 
filtrate was evaporated and chromatographed with hexane/dichlormethane (v/v 1:9) 
as eluent. The second UV-active portion was collected and concentrated to afford a 
pale yellow solid. (1.12 g，55 %) ^H NMR: 5 7.88 (br s, 2 H，pyrrolic-N//)，6.66 (s, 
2 H, pyiTolic-//), 6.15 (d, 7 = 2.4 Hz, 2 H, pyrrolic-//)，6.04 (s, 2 H, pyrrolic-/:0， 
3.98 (s,2H,ArC//2Ar). 
5,15-Diphenylporphyrin (30).47 To a solution of dipyrrylmethane (29) (600 
mg, 4.11 mmol) in dichloromethane (1 L) was added benzaldehyde (436 mg, 4.11 
mmol) under nitrogen in a round-bottomed flask which was wrapped with an 
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aluminium foil to prevent light-introduced side reactions. Trifluoroacetic acid 
(0.4 mL) was then added dropwise and the mixture was stirred under nitrogen at 
-、 
room temp, for 12 h. The mixture changed from colorless to dark red. 2,3-Dichloro-
5,6-dicyanobenzoquinone (1976 mg, 8.63 mmol) was then added and stirring was 
continued for a further 30 min. Triethylamine (3 mL) was then added and the 
reaction turned green. The volatiles were removed using a rotary evaporator and the 
residue was chromatographed using dichloromethane as eluent. The major purple 
band was collected and concentrated to afford 30 as a purple solid (523 mg, 60 %). 
iH NMR: 5 10.32 (s, 2 H，meso-H), 9.39 (d，J= 4.7 Hz，4 H，P-//)，9.10 (d ,J= 4.6 
Hz, 4 H，^-H), 8.31 (dd，J= 5.7，3.4 Hz, 4 H，VhH), 7.82 - 7.85 (m，6 H，Ph//)，-3.10 
(br s, 2 H, pyrrolic-N//). 
5,15-Diphenylporphyrinatonickel(II) (31).47 To a DMF (50 mL) solution of 
5,15-diphenylporphyrin (1.192 g, 2.579 mmol) was added nickel(II) acetate 
tetrahydrate (1.925 g, 7.737 mmol). The mixture was refluxed under air for 12 h, 
then the volatiles were removed under vacuum. The residue was dissolved in 
dichloromethane (1 L), then the solution was wshed with water (500 mL X 2), dried 
over anhydrous magnesium sulphate, then filtered and concentrated to 100 mL. The 
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concentrated solution was filtered through a short patch of silica gel and the eluted 
red band was concentrated to give a red solid (1.303 g, 98 %). (H NMR: 5 9.89 (s, 2 
"V 
H), 9.14 (d, J= 4.8 Hz, 4 H, p-//)，8.89 (d, «/= 5.2 Hz, 4 H, p-//), 8.06 - 8.08 (m，4 
H, ？hH), 7.71 - 7.74 (m, 6 H, ？hH). 
5,15-Dibromo-10,20-diphenylporphyrinatonickel(II) (32) 47 To a solution of 
5,15-diphenylporphyrinatonickel(II) (31) (500 mg，0.965 mmol) in chloroform 
(50 mL) was added with A^-bromosuccinimide (272 mg, 2.124 mmol) and pyridine 
(0.2 mL) at ( f C. The mixture was stirred at this temp, for 30 min and then water (50 
mL) was added. The organic layer was separated, dried over anhydrous magnesium 
sulphate and filtered. The volatiles were removed in vacuo and the residue was 
chromatographed with chloroform as eluent. The purple band was collected and 
concentrated to afford 32 as a purple solid (600 mg, 92%). ^H NMR: 5 9.42 (d,y = 
5.0 Hz, 4 H, (3-/0, 8.70 (d, J = 5.0 Hz，4 H，P-//)，7.91 一 7.94 (m，4 H ， P _， 7 . 6 4 -
7.72 (m, 6 H，？hH). 
10-Formyl-5,15-diphenylporphyrinatonickel(II) (33)， Phosphorus 
oxychloride (5 mL) was added dropwise into ice-cooled DMF (5 mL) under nitrogen 
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to form an orange-red Vilsmeier reagent, which was subsequently added to a 1,2-
dichloroethane solution (70 mL) of 5,15-diphenylporphyrinatonickel (II) (31) (200 
mg, 0.386 mmol) under nitrogen. After heating at 50 °C for 2.5 h, the mixture 
changed from red to green. The mixture was then cooled to room temp., then a 
saturated sodium acetate solution (150 mL) was added. The mixture was heated at 
60°C for a further 2 h to give a red mixture. After cooling, the organic layer was 
collected, dried over anhydrous magnesium sulphate and filtered. The filtrate was 
rotary evaporated and the residue was chromatographed with toluene as eluent. The 
first reddish-green band was collected to afford 33 as a purple solid (164 mg, 79 %). 
1H NMR: 5 12.00 (s, 1 H, ArC/ZO)，9.76 (d, J = 5.2 Hz, 2 H, p-//)，9.58 (s, IH, 
meso-H), 8.92 (d, J= 4.8 Hz, 2 H, p-//)，8.81 (d，•/= 5.1 Hz, 2 H，^-H), 8.65 (d，J = 
4.8 Hz, 2 H, 7.95 - 7.98 (m，4 H, ？h-H), 7.67 - 7.74 (m, 6 H, ？h-H). 
10-(2',2'-Dicyanoethenyl)-5,15-diphenyIporphyrinatonickel(II) (34)49 5-
Formy 1-10,20-diphenyIporphyrinatonickel(U) (33) (200 mg, 0.366 mmol) and 
malononitrile (73 mg, 1.099 mmol) were dissolved in THF (70 mL). Freshly 
distilled triethylamine (5 mL) was then added and the mixture was stirred under 
nitrogen at 60 °C for 12 h. The volatiles were removed under reduced pressure to 
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give a residue which was chromatographed with hexane/dichloromethane (v/v 1:3) 
as eluent. The major green band was collected and evaporated to afford 34 as a 
"green solid (143 mg，68 %). ^H NMR: 5 9.99 (s，1 H，meso-H), 9.31 (s, 1 H, 
ArC//C(CN)2), 9.10 (d, J = 5.1 Hz, 2 H, f>-H), 8.79 (d, J = 5.0 Hz, 2 H, ？>-H), 8.74 (d， 
J = 4.7 Hz, 2 H，p-//)，8.57 (d, J = 4.8 Hz, 2 H，^-H), 7.86 - 7.89 (m, 4 H，Ph/f), 
7.64 - 7.73 (m，4 H, ？hH). 
3.5 Synthesis of Ferrocenyl "Push-pull，，porphyrin 
5-Bromo-15-formyl-10,20-diphenylporphyrinatonickel(II) (35)."^ ^ N-
Bromosuccinimide (156 mg, 0.878 mmol) was added to a chloroform (50 mL) 
solution of 10-fonnyl-5,15-diphenylporphyrinatonickel(II) (33) (200 mg, 0.366 
mmol). Pyridine (0.2 mL) was added dropwise and the mixture was stirred under 
room temp, for 5 h. The mixture was quenched with water and the organic layer 
was separated, dried over anhydrous magnesium sulphate and rotary evaporated. 
The concentrate was chromatographed with toluene as eluent. The second green 
band was collected and concentrated to afford 35 as a green solid (185 mg, 81 %). 
iH NMR: 5 11.98 (s, 1 H，AvCHO), 9.73 (d，J= 5.1 Hz, 2 H, fi-B)’ 9.38 ( d , J = 5.0 
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Hz, 2 H, ^-H), 8.79 (d ,J= 5.2 Hz, 2 H, _， 8 . 6 1 (d ,J= 5.0 Hz, 2 H, P.H), 7.90 -
7.93 (m，4 H, Ph/f), 7.66 - 7.76 (m, 6 H, 
5-Ferrocenylethynyl-15-formyl-10,20-diphenylporphyrinato nickel(II) (36). 
To a mixture of compound 35 (88 mg, 141 |imol), ferrocenylethyne (24) (59 mg, 
282 iLimol), Pd(PPh3)2Cl2 (25 mg, 36 \xmol) and copper(I) iodide (3 mg, 16 \xmo\) in 
THF (10 mL) was added triethylamine (4 mL). The mixture was stirred at room 
# 
temp, under nitrogen for 1 h, then the volatile were removed. The residue was 
chromatographed with toluene as eluent. The green band was collected and 
concentrated to afford 36 a green solid (83 mg, 78%). Vis [A^max nm (log s)] : 434 
(5.46), 621 (4.64); IR : 2193(w) (VCHC), 1672(S) (VC=O) ^H NMR: 5 11.94 (s, 1 H, 
AiCHO), 9.68 ( d ， 5 . 1 Hz, 2 H, ？>-H), 9.38 (d, J= 4.9 Hz, 2 H, P-//), 8.72 (d，J = 
5.1 Hz, 2 H, P-H), 8.60 (d ,J= 4.9 Hz, 2 H, _，7.90 - 7.93 (m, 4 H, PhB), 7.64 -
7.72 (m, 6 H, PhB), 4.85 (t, J= 1.8 Hz, 2 H，Cp-H), 4.45 (t, J二 1.8 Hz, 2 H, Cp-H)， 
4.39 (s, 5 H, Cp-H); NMR: 5 192.5, 144.4，146.5，146.4，141.0, 139.6， 
135.1, 133.4，132.3，130.5, 129.0’ 128.2’ 128.1, 127.0，125.3, 121.2，106.4，104.6, 
99.2, 85.9, 72.1, 70.6，70.1，65.6; HRMS (L-SIMS) m/z calcd. for 
C45H28^^FeN40^^Ni (M"") 754.0961, found 754.1008. 
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5-Bromo-15-(2*,2'-dicyanoethenyl)-10,20-diphenylporphyrinatonickel(II) 
(37).49 iV-Bromosuccinimde (44 mg, 0.245 mmol) was added to a chloroform 
solution (50 mL) of 5-(2',2'-dicyanoethenyl)-10,20-diphenylporphyrinatonickel(II) 
(34) (97 mg, 0.163 mmol) at room temp. Pyridine (0.2 mL) was added dropwise to 
the ice-cooled mixture which was then stirred at room temp, for 1 h. Water (50 mL) 
was added and the organic portion was separated, dried over anhydrous magnesium 
sulphate, filtered and concentrated. The residue was purified by chromatograph 
using hexane/toluene (v/v 1:2) as eluent. The third green band was collected and 
concentrate to afford 37 as a green solid (65 mg, 59 %)• ^H NMR: 5 9.91 (s，1 H， 
ArC//C(CN)2)，9.34 (d，J= 5.0 Hz, 2 H，p-//), 9.08 (d, J = 5.1 Hz, 2 H, P-//), 8.75 (d， 
y = 5.1 Hz, 2 H，？>-H), 8.57 (d, 5.0 Hz, 2 H，P-//), 7.83 - 7.90 (m，4 H, ？hH), 
7.65 - 7.75 (m，6 H, ？hH).. 
5-(2%2'-Dicyanoethenyl)-15-Ferrocenylethynyl-10,20-diphenyl 
porphyrinatonickel(II) (38). Compound 37 (58 mg, 86.3 ^imol), ferrocenylethyne 
(24) (36 mg, 171.6 |imol), Pd(PPh3)2Cl2 (15 mg, 21.3 ^imol) and copper(I) iodide 
(2 mg, 10.5 lamol) were dissolved in THF (10 mL) under nitrogen. Triethylamine (4 
mL) was then added and the mixture was stirred at room temp, for 4 h. The volatiles 
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were removed in vacuo and the residue was chromatographed with toluene as eluent. 
The green band was collected and concentrated to afford 38 as a green solid (47 mg, 
69%). Vis [Xmax nm (log s)] : 457 (5.49), 649 (4.78); IR : 2218(m) (vc三N)，2193(m) 
(vc.c), 1685 (m) (vc=c)； NMR: 5 9.85 (s), 1 H，ArC//C(CN)2)，9.28 (d, J = 3.0 
Hz, 2 H，p-N), 8.99 (d, 4.9 Hz, 2 H，p-N), 8.65 ( d , J = 4.8 Hz, 2 H，(3-//), 8.53 (d, 
J 二 3.1 Hz, 2 H, P-/^, 7.87 — 7.90 (m，4 H, ？HH), 7.64 一 7.70 (m, 6 H, ？HH), 4.95 
(br s, 2 H, Cp-H), 4.56 (br s, 2 H, Cp-//), 4.48 (br s, 5 H, Cp-//); HRMS (L-SIMS) 
m/z calcd. for C48H28''FeN6''Ni (M+) 802.1074, found 802.1063. 
5-Bromo-15-(4'-nitrophenylethynyl)-10,20-diphenylporphyrinato 
nickel(II) (39). Compound 32 (400 mg, 0.592 mmol), 26 (130 mg, 0.886 mmol), 
Pd(PPh3)2Cl2 (33 mg, 47 fimol) and copper(I) iodide (13 mg, 71 ^mol) were 
dissolved in freshly distilled THF (40 mL). Triethylamine (15 mL) was then added 
dropwise under nitrogen and the mixture was stirred at 60°C for 12 h. After 
concentration, the residue was chromatographed with toluene/hexane (v/v 1:1) as 
eluent. The first red band contained a trace of unreacted dibromoporphyrin, while 
the second reddish-green band was collected and concentrated to afford 39 as a 
green solid (141 mg, 32%). Vis |>隱 nm (logs)] ： 435 (5.10), 543 (4.08), 581 
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(4.13); IR: 2191(m) (vc-c)； ^H NMR: 5 9.52 (s, 2 H, P-N), 8.83 (m, 4 H, P-B), 8.37 
(d,J= 7.8 Hz, 2 H, fi-H), 7.98 一 8.02 (m, 6 H, Ph//)，7.60 一 7.80 (m，8 H, Ph//). 
5 - ( F e r r o c e n y l e t h n y n y l ) - 1 5 - ( 4 ' - i i i t r o p h e n y l e t h y n y l ) - 1 0 , 2 0 -
diphenylporphyrinatonickel(II) (40). To a mixture of 39 (83 mg, 112 jimol)， 
ferrocenylethyne (24) (36 mg, 171 ^imol), Pd(PPh3)2Cl2 (6 mg, 9 |imol) and 
copper(I) iodide (3 mg, 16 jimol) THF (25 mL) was added triethylamine (10 mL) 
under nitrogen. The mixture was stirred at 60°C under nitrogen for 12 h, then the 
volatiles were removed under reduced pressure. The residue was then subjected to 
chromatograph using hexane/chloroform (1:4 v/v) as eluent. The green band was 
collected and concentrate to afford 40 a green solid (35 mg, 36%). Vis [Xmax nm 
(log s)] : 443 (5.49), 621 (4.71); IR: 2194(m) (vc-c)； ^H NMR: 6 9.48 (d, 2 H,J = 
4.7 Hz, P-H), 9.44 (d, 2 H，J二 4.2 Hz, P -H), 8.73 (dd, 4 H, J = 4.7, 4.4 Hz, P -H), 
8.37 (d, 2 H , y = 7.4 Hz, P_，7.98 - 8.03 (m, 6 H, ？hH), 7.71 - 7.73 (m，6 H，？hH), 
4.87 (s, 2 H, Cp-//), 4.45 (s, 2 H, Cp-H)’ 4.42 (s, 5 H, Cp-H); HRMS (L-SIMS) 
calcd for C52H31 871.1180，found 871.1115. 
5-Bromo-15-{ [4 ' - ( iV,7V-dimethylamino)phenyl ]e thynyl} -10 ,20-
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diphenylporphyrinatonickel(II) (46).^ ^ To a mixture of compound 32 (200 mg, 
0.296 mmol), compound 28 (78 mg, 0.533 mmol), Pd(PPh3)2Cl2 (17 mg, 24 |imol) 
and copper(I) iodide (8 mg, 42 |Limol) in freshly distilled THF (25 mL) was added 
triethylamine (10 mL) dropwise under nitrogen. The mixture was stirred at 50°C for 
12 h, then it was concentrated to give a residue which was chromatographed with 
toluene/hexane (v/v 1:1) as eluent. The first red band contained some unreacted 
dibromoporphyrin. The second reddish-green band was collected and concentrated 
# 
to afford 46 as a green solid (115 mg, 49%). ^H NMR: 5 9.52 (d，《/= 4.8 Hz, 2 H, 
pyr-B), 9.41 (d，J= 5.1 Hz, 2 H，pyr-H), 8.69 (dd,J= 4.8，4.8 Hz, 4 H, pyr-/f), 7.96 
(m，4 H, Ph-H), 7.77 (d，J= 8.7 Hz, 2 H, Ph-H), 7.68 - 7.73 (m, 6 H，Ph-H), 6.82 (d, 
J= 8.4 Hz, 2 H，Ph-//), 3.08 (s, 6 H, NMe】). 
5-(ferrocenylethynyl)-15-{4'-(A^A-I>imethylammo)phenylethynyl}-10,20-
diphenylporphyrinatonickel (II) (47) Compound 46 (100 mg, 135 |Limol), 
ferrocenylethyne (24) (57 mg, 272 pmol), Pd(PPh3)2Cl2 (24 mg, 34 jimol) and 
copper(I) chloride (3 mg, 16 |imol) were dissolved in THF (10 mL). Triethylamine 
(4 mL) was added and the mixture was stirred at 60 under nitrogen for 12 h. The 
volatiles were then removed and the residue was chromatographed with 
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hexane/chloroform (v/v 1:4) as eluent. The green band was collected and 
concentrate to afford 47 as a green solid (53 mg, 45%). Vis [入max nm (log s)] : 459 
(5.36), 631 (4.83); IR : 2178(m) (vc^c)； ^H NMR: 5 9.50 ( d ， 4 . 9 Hz, 2 H, ^-H), 
9.45 (d, J = 4.8 Hz, 2 H, P-//)，8.69 (dd, J = 5.9, 5.1 Hz, 4 H, P-B), 7.94 - 8.00 (m，4 
H，？hH), 7.69 - 7.76 (m，6 H，Ph//), 4.86 (s，2 H, Cip-H), 4.41 (s, 7 H, Cp-H), 3.02 (s, 
6 H, ArN她2); HRMS (L-SIMS) m/z calcd. for C54H37^^ FeN5^^ Ni (M+) 869.1745’ 
found 869.1765. 
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PART II 
‘ LIGHT-HARVESTING 
NAPHTHALENE-PHTHALOCYANINE SYSTEMS 
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C H A P T E R F O U R I N T R O D U C T I O N 
Sun is the origin of energy. In biological systems, solar energy is efficiently 
V 
collected by the light harvesting units and funneled by the antenna systems to the 
reaction center where biological redox reactions occur. The redox reactions 
occurred drive a variety of metabolic processes and from these processes, carbon 
dioxide in the atmosphere is fixed into biologically useful forms. 
To mimic this fascinating biological process and to make use of the solar 
energy, numerous attempts have been made to construct and study synthetic 
analogues which can harvest light energy and induce subsequent reactions. 
Particular emphasis has been placed on porphyrin systems which are naturally 
occurring and involved in biological light harvesting. 
4.1 Porphyrin-based Light-harvesting systems 
A substantial number of porphyrin-based light-harvesting systems have been 
reported. They can be generally classified into five types, namely multiporphyrins, 
carotenoid-porphyrins, boron-dipyrrin porphyrins, anthracene-porphyrin systems 
and dendritic porphyrins. These porphyrin systems are briefly reviewed in the 
following subsections. 
66 
4.1,1 Multiporphyrins 
Multiporphyrins can be synthesized by three general pathways, namely 
cyclization of formyl-substituted porphyrins, oxidative coupling at the meso-
positions of porphyrins, and palladium promoted coupling reactions. 
+ Y + ^ r ^ 
CHO CHO 
48 50 49 50 
(i)TFA, CHjCk (i)TFA. CHjClj, 
r. t.,4 h r. t.’ 22 h 
(ii) o-chloroanil. • (ii) o-chloroanil, 
reflux, 8 h reflux, 4 h 
‘ 
51 52 
Y 
Scheme 10 
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A series of multiporphyrins 51 - 54 were prepared by Officer et 
Treatment of the porphyrin-substituted benzaldehydes 48 and 49 with di(3-ethyl-4-
methylpyrrol-2-yl)methane (50) under acidic conditions afforded compounds 51 and 
52, respectively (Scheme 10), while condensation with pyrrole gave compounds 53 
and 54, respectively (Scheme 11). Photophysical study was not performed on these 
compounds. 
Por 
• + O V + 9 
CHO H CHO 
48 49 
(i) TFA, CH2CI2, 
(i) TFA, CH2CI2， r.t., 36 h 
r.t，3 d (ii) o-chloroanil, 
(ii) o-chloroanil, reflux，3 h 
reflux, 1 h (iii) Zn(0Ac)2，MeOH, 
r.t.，10 min 
P o / ^ Por JL 
53 54 
V . 
Scheme 10 
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Oligoporphyrins 56 up to nonamer were prepared by Osuka et al. using the 
acid-catalyzed condensation reaction similar to that employed for the synthesis of 
~ --~ - compound 51 (Scheme 12). The length of the nonamer was predicted to be 122 A, 
thus making it a potential candidate of molecular wire. 
55 
CHO + 
(i) TF A, CH2CI2, r t. 
(ii) o-chloroanil, r.t. 
50 
56 n = 1 - 4 
Scheme 12 
Osuka et al. also prepared the meso-meso linked multiporphyrins 57 by a 
one-electron oxidative coupling procedure. Reaction of zinc(II) 5,15-bis(3,5-di-tert-
butylphenyl)porphyrin with silver hexafluorophosphate in acetonitrile afforded the 
dimer and trimer 57 ( n = 0, 1 ), which could be purified by size exclusion 
chromatography.56a When the dimer was further oxidized, the tetramer could be 
69 
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obtained in moderate yield. Recently, 128-mer of 3,5-di(tert-butyl)porphyrinatozinc 
was prepared.56b By using this methodology, several windmill-like multiporphyrins 
_~ ~ . such as 58 were also synthesized. 57 
57 n = 0,1 
A 
A 
58 
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Lindsey et al. employed palladium-catalyzed coupling reactions to prepare 
multiporphyrin arrays. By using iodo- and ethynyl-substituted tetraarylporphyrins, a 
r Q CO 
series of diporphyrins 59 (Scheme 13)， triporphyrins 60 一 61， and 
pentaporphyrins were synthesized. 
The ground state absorption spectra of these compounds were similar to the 
X A 
R" 
Pd2(dba)3 AsPh3， 
toluene, NEts, 35°C 
，f 
R" R, 
X A 
J I I R = OMe, Me, H 
J ^ R', R" = Me, H 
R" R_ M' = Zn, Mg, Cd 
m2 = Zn, 2H 
59 
Scheme 13 
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RS JT^ R^ 
k j ^ ^J^ 
60 M, M' = Zn, 2H 
(TS ( \ 
k j J 丫 
i 
convolution of the absorption spectra of individual components suggesting that there 
is no significant ground state interaction between the individual porphyrin 
chromophores.60 When compound 59 (M! = Zn，M^ = 2H) were illuminated at 
550 nm where the zinc porphyrin has a much stronger absorption than the free base 
72 
porphyrin, the fluorescence of the free base porphyrin was seen at 716 nm while that 
of zinc porphyrin (589 nm) was not observed. The normalized excitation spectrum 
also closely resembled the absorption spectrum. This observation suggested that 
there is an efficient energy transfer from the zinc- to the free base-porphyrin. It was 
also found that an increase in steric hinderence between the porphyrins would 
decrease the rate of energy transfer. A through-bond instead of through-space 
pathway would therefore be a reasonable energy transfer mechanism. The metal 
centers also have influences on the singlet-singlet energy transfer efficiencies. The 
energy transfer quantum yield (OEHT) for the cadmium porphyrin 59 (M】=Cd, M^ 
=2H) was found to be 0.87, which is significantly lower t h m those of the zinc and 
magnesium counterparts (OEHT > 0.95). Such a difference might arise from the 
shorter excited state lifetime of cadmium porphyrins (〜100 ps).^ ^ 
A 
令 
6 
R T R R=OMe 
M = Zn, 2H 
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4 
Another factor affecting singlet-singlet energy transfer efficiency is topology. 
Among the various possible topologies, star-burst arrays of photoreceptors, like 
compound 62，were found to be highly efficient (99%).^^ 
4,1,2 Carotenoid-porphyrins 
Apart from porphyrins, carotenoids are also commonly found in various 
photosynthetic systems. In biological systems, the energy transfer from the 
carotenoids to porphyrins is also efficient (>50%) which has stimulated a number of 
studies on carotenoid-porphyrin light-harvesting systems. 
‘ 63 • 
Gust et al prepared a series of carotenoid-appended porphyrins 63. Studies 
of the transient triplet absorptions of 63 revealed an efficient triplet-triplet energy 
transfer from the porphyrin ring to the carotenoid, while singlet-singlet energy 
transfer efficiencies from the carotenoid to the porphyrin ranged from 10 - 47 %. 
Me如-substituted carotenoids gave a slower energy transfer rate in both directions. 
This phenomenon would implies Dexter "superexchange" mechanism instead of 
Foster mechanism was taking place as the rate is not solely distance dependent，〕 
74 
< Y V > 、 >~, V^NH NW 
63 
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4,1,3 Boron-dipyrrin porphyrins 
Boron-dipyrrins, which absorb at about 450 - 550 nm, are good candidates 
for increasing the absorption ranges of light-harvesting systems. These systems also 
allow studies involving selective excitation. 
The first boron-dipyrrin porphyrin system featured for its energy harvesting 
properties was reported in 1998 by Lindsey et al^ To prepare the mono boron-
dipyrrin porphyrin conjugate 67，the boron-dipyrrins 64 was treated with 4-
ethynylbenzaldehyde (65) to give 66，which underwent condensation with 
trimethylbenzaldehyde and pyrrole to give 67. Porphyrins with two (68) and 
75 
* . 
+ 6 
CHO 
64 65 
Pd2(dba)3, P(2-furyl)3, 
PhMe, TEA, 25。C 
Y 
+ A + Q 
, O T H 
CHO 
66 
(i) BF3.0Et2，CHCI3, 25°C 
(ii) DDQ, 25。C 
Y 
67 
Scheme 14 
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eight (69) boron-dipyrrin fragments were also synthesized in a similar manner 
using 3,5-diethynylbenzaldehyde instead of 65 as the starting material. The singlet-
singlet energy transfer efficiencies for the mono- and di-dipyrrin incorporated 
porphyrins were over 90% while the value was slightly lower for the octa-dipyrrin 
incorporated porphyrin. 
凡 A 
N = R V 
F I 』 ？ 68 
BDPYv^^^s^BDPY 
BDPYy^ Q T ^ g B D P Y BDPY= ^ 
69 
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4,1,4 Anthracene-porphyrin systems 
Anthracenes are highly emissive molecules. The emission positions are 
close to the Soret band of porphyrins. This makes the anthracene-porphyrin 
conjugates attractive in the study of photoinduced energy transfer. The efficiency of 
energy transfer from the anthracene moiety to the free base porphyrin core in 
compound 70, for example, was found to be almost quantitative (98%).^^ 
V S " 6 H T 
# 
70 n = 0, 1 
Officer et al synthesized compounds 71，which contain norbomadiene as a 
bridge.66 As norbomadiene will isomerize to olefin-lacking quadricyclane under 
irradiation of ultraviolet light, the conjugation between the anthracene and the 
porphyrin core may be disrupted. Fluorescence of the porphyrin core would 
therefore depend whether the anthracene moiety or the norborandiene bridge is 
irradiated. These interesting molecules thus have potential to be used as dual-input 
optoelectronic devices. 
71 m，n=l，2 m，n=l’2 
Figure 12 Change of conjugation of compound 71 upon UV-irradiation 
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4.1,5 Dendritic porphyrins 
Aida et al. prepared a series of porphyrins which contain up to five 
generations of poly(aryl ether) dendrons on the peripheral positions (72).^^ The 、 
energy transfer efficiency, from the excited dendrons to the central porphyrin core, 
increases with the size of the dendritic substituents. When the porphyrin was 
substituted with four fifth-generation dendritic fragments, the energy transfer 
efficiency was 80.3%, which is more than double of that of the tri-substituted 
counterpart.^^ It was found that the morphology plays a significant role in the 
energy transfer process. 
Gn—i 戶 \ Gn- l� 广 n-1 
I Y 
WS/N^  
72 (n冬 5) 
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4.2 Phthalocyanine-based Light-harvesting systems 
Compared with the porphyrin systems, light-harvesting systems based on 
.phthalocyanines have only been briefly examined. Lindsey et al used a similar 
methodology of synthesizing multiporphyrins to prepare multiporphyrin-
phthalocyanine arrays. Phthalocyanines bearing fouP (73) and eight porphyrins^® 
(74) on the peripheral positions were synthesized. The synthesis involved the 
palladium-catalyzed coupling reactions of porphyrin or diporphyrin with 4-
iodophthalonitrile. The mono porphyrin-containing phthalonitriles then underwent 
cyclization in the presence of metal acetates and DBU in 1-pentanol to afford 73. 
Compound 74 was synthesized from the diporphyrin phthalonitrile using lithium 
pentoxide in 1-pentanol at elevated temperature, followed by the addition of excess 
metal acetates. 
The singlet-singlet energy transfer efficiency for 73 (M = M' = 2H) from the 
excited free base porphyrins and the central free base phthalocyanine was found to 
be almost quantitative. A similar result was obtained for the zinc/zinc system but 
the efficiency was only about 60% in the magnesium/magnesium system. 
Another phthalocyanine-based light-harvesting system (75) was developed 
by our group which can be considered as the analogues of Aida's dendritic 
porphyrins.?! The aryl ether dendrons serve as the light harvesting elements and the 
phthalocyanine core behaves as the energy sink. Upon excitation at 310 nm 
where the dendrons absorb, these compounds gave an emission at about 685 nm due 
to the phthalocyanine. This implies that photoinduced energy transfer from the 
excited poly(aryl ether) dendrons to the phthalocyanine core occurs. The energy 
80 
transfer efficiencies, as determined by steady state fluorescence studies, ranged from 
10% to 13%. 
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4.3 Objective of this project 
In the dendritic phthalocyanine system 75，benzene-based dendrons were used 
as the light-harvesting units. However, i f we compare the fluorescence spectra of 
benzene and naphthalene, and consider the absorption spectra of phthalocyanines, a 
better spectral overlapping can be achieved for the naphthalene-phthalocyanine 
system (Figure 13). This suggests that a more efficient light-harvesting 
phthalocyanine system can be obtained by using naphthalene chromophores to 
capture light energy. The objective of this project is to prepare a series of 
phthalocyanines substituted with naphthalene moieties and study their photoinduced 
energy transfer properties. 
A A absorption spectrum of phthalocyanine A 
i \ • I 
；； fluorescence spectrum of naphthalene 
: \ » » 
\ i \ fluorescence spectrum of benzene 
i . 1. • • »I I 
i 『 \ 
；、. 
I . « : \ 
1 • 
• » 
I » I A 
- n . r — ^ — — I • • 
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Wavelength / nm 
Figure 13 Comparison of the fluorescence spectra of benzene and naphthalene and 
a typical absorption spectrum of phthalocyanines 
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C H A P T E R F I V E R E S U L T S A N D D I S C U S S I O N 
5.1 Preparation of naphthalene-phthalocyanine systems 
5,1.1 Synthesis ofzinc(II) tetra(l-naphthoxy)phthalocyanines 
Treatment of 1-naphthol with 3- or 4- nitrophthalonitrile in the presence of 
potassium carbonate in DMF afforded the corresponding naphthoxy-substituted 
phthalonitriles 76 and 78 respectively. These compounds were then treated with 
zinc acetate and DBU to afford the corresponding zinc(II) tetra(l-
naphthoxy)phthalocyanines as mixtures of regioisomers (Scheme 14). 
K2CO3/DMF ‘ 
/-^^CN room temp. 
OH X R 
X = NO2, X' = H 76 R = ONap, R' = H (86 %) 
X = H, X' = NO2 78 R = H, R' = ONap (92 %) 
DBZI??:AIM20’ ^ ^ Zn(OAc), 4H,0, 
DBU，C5H, ,0H, r e f l u x ^ dBU, C5H,丨OH，reflux 
(35 (43 %) 
R 臂 p 
^ % 七 • 力 
+ regioisomers I^ ^^ST^ 
U U 
77 79 
Scheme 17 
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5.1.2 Synthesis of tetra[2-(l，-naphthoxy)ethoxy�phthalocyaninatozinc(II) (83) 
To investigate the effects of distance between the naphthalene chromophore 
and the phthalocyanine core on the energy transfer efficiency, compound 83 was 
-•'V 
prepared according to Scheme 15. Treatment of 1-naphthol with 1,2-dibromoethane 
gave 80，72 while the other precursor 81 was prepared by treating 4-
K2CO3 / DMF 
f T ^ Y ^ room temp.^ i T Y ^ 
+ Br (840/0) K J ^ 
OH 0 ， 
^Br 
80 
^ - w C N K2CO3 / NMP /170。C 
I I 
( 68 % ) HCr^^CN 
81 
〜 C N K2CO3/DMF Q 
f 7 ^ f T room temp. )—\ 
+ H C A A N (910/0) > L h o CN 
80 Br 81 82 
Zn(0Ac)2.4H2O (28%) 
DBU, C5H11OH ( j 
reflux 八 。 ^ 
cP^。〜。、_ 
^VvV 
Y A / 
J xy 
83 
Scheme 16 
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nitrophthalonitrile with potassium carbonate and NMP. A nucleophilic 
substitution reaction of 80 and 81 led to the formation of the dinitrile 82, which 
underwent a typical cyclization in the presence of zinc acetate and DBU to give 
phthalocyanine 83. 
5JJ Synthesis of 2,3，9，10，16，17，23,24-octa(r-naphthoxy)phthalocyaninato 
zinc(II) (89) 
The synthesis of this compound involves 4,5-dichlorophthalonitrile (87) as 
the starting material which was prepared according to literature procedures'"^ The 
# 
dichlorophthalic acid was converted to the acid anhydride (84) with acetic 
anhydride. Treatment of 84 with formamide gave the phthalimide 85, which was 
O 
Ck^^/^^COOH AC2O，reflux HCONH2, reflux‘ 
C i ^ ^ C O O H (85 %) c K ^ ^ ^ ^ O (82 %) 
o 
84 
O NH3 (aq), 广。仰 S0C12, DMF, 
room temp. ‘ Y V 0 - 5。(：，room temp. ^ 
C i X J ^ ^ N H (64 %) ‘ C l - ^ ^ ^ C O N H , . (690/0) 
o 
85 86 
c i A ^ C N 
87 
Scheme 17 
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then converted to phthalic amide 86 using aqueous ammonia solution. The phthalic 
amide was then treated with thionyl chloride in DMF to give 87. Substitution of 87 
with 1-naphthol in the presence of potassium carbonate afforded 4’5-di(l’-
naphthoxy)phthalonitrile (88), which underwent standard cyclization to give the 
titled compound 89 in moderate yield. 
K 2 C O 3 , D M F V 丁 
C K ^ / ^ C N room temp. i y ^ ^ C N 
C 丨 JLXcn + (82%) ( T ^ ^ ^ C N 
OH 
87 U U 
88 
Zn(0Ac)2. 4H2O’ （37 % ) 
DBU, pentanol 
reflux 
89 
Scheme 18 
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5.2 Absorption spectra of naphthalene-phthalocyanine systems 
The UV-Vis spectra of all these naphthoxy substituted phthalocyanines 
showed typical absorptions of phthalocyanines, together with an absorption due to 
—"v 
-、‘ 
the naphthoxy substituents. Figure 14 gives the UV-Vis spectrum of 89 in THF for 
exemplification. It can be seen that there are three major absorption bands peaking 
at 286, 352 and 675 nm. The first band can be attributed to the overlapping of the E2 
band of the naphthoxy moieties and the N band of the phthalocyanine core, while 
the latter two absorptions are due to the B- and the Q-band of phthalocyanine 
respectively. In this section, the electronic absorption spectral features in details of 
these naphthalene-phthalocyanine systems are discussed in details. ‘ 
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Figure 14 UV-Vis spectrum of compound 89 in THF at a concentration of 
9.8 X 10-6 M 
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5,2,1 Absorption spectra at different concentrations 
Aggregation is a very common phenomenon of phthalocyanines which can 
alter various physical properties of these compounds” To examine the aggregation 
tendency of these naphthoxy phthalocyanines, the absorption spectra of these 
compounds were measured in different solvents and in different concentrations. 
Figure 15 shows the spectra of compound 79 in THF with a concentration ranging 
from 3.8 x 10'^  to 1.5 x 10"^  M. It can be seen that the absorption spectra are 
basically concentration independent. A similar result was observed for compounds 
77, 83 and 89, suggesting that aggregation of these compound are not significant 
under these conditions. However, the spectra are more susceptible to concentration 
in dichloromethane. The molar absorptivity of the Q-band of 79 in 
250000 -n 
. 3.8 X 10-7 M 
7.6 X 10-7 M 
2 0 0 0 0 0 - 七 ^ 
1.5 X 10必 M I 
3.8 X 10^  M n 
•^ S 酬 0 - 7.6X10、 
o 1.5 X 10.5 M 
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"O 
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o j , - r ^ ^ 1 > • 1 
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Wavelength / nm 
Figure 15 Uv-Vis spectra of 79 in THF at different concentrations 
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dichloromethane, for example decreases by ca. 25% when the concentration 
increases by 2 order of magnitude from 4.0 x 10'^  M. It is also worthnoting that the 
absorptivity is only ca. one-half of that recorded in THF. A similar trend was 
observed for 83 and 89，but the effects are significantly greater for the former as 
shown in Figure 16. These observations suggest that these compounds appear to be 
more aggregated in dichloromethane and the aggregation tendency follows the 
order: 83〉79 〜89. 
The different aggregation tendency of these compounds can be rationalized 
by molecular modeling. Figures 17 and 18 show the ball-and-stick diagrams of the 
energy-minimized structures of compounds 79 and 89，respectively, generated by 
PCMODEL. It can be seen that the naphthoxy groups are nearly perpendicular to 
140000 -| 3.3 X 10'7 M 
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• 6.7 X 10^ M h^ 
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Figure 16 UV-Vis spectra of 83 in THF at different concentrations 
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the phthalocyanine core, acting as "picket fences", hinder the aggregation caused by 
the 71-71 interactions. By contrast, the energy-minimized structure of 83 is relatively 
planar. The naphthoxy groups seem to provide additional n -n interactions which 
• • V 
promote the formation of aggregates (Figure 19). 
The spectral features of 77 are peculiar. As shown in Figure 20, the 
absorptions below 4 0 0 nm are structureless instead o f two well-defined bands as 
observed in other systems. The intensity of two bands at 694 and 710 nm decreases 
gradually when the concentration is increased for 2 orders of magnitude while the 
band at 741 nm is virtually concentration independent. Although the appearance of 
the latter redshifted band was reported previously for some tetrasubstituted 
phthalocyanines, the origin of this band remains unclear at his stage.？^“了 
^ Figure 17 (left) Ball-and-stick diagram 
' p , of the energy-minimized structure of 79 
Figure 18 (right) Ball-and-stick diagram , 
of the energy-minimized structure of 89 务一碍 
� ^ F i g u r e 19 (left) Ball-and-stick diagram of 
v i ) ^ ^ ^ the energy-minimized structure of 83 
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Figure 20 UV-Vis spectra of 77 in dichloromethane at different concentrations 
5,2.2 Comparison of the absorption spectra of the naphthoxyphthalocyanines 
mth the spectra of the mixtures of l-ethoxy naphthalene and 
alkoxyphthalocyanines 
Ground-state interactions between the peripherial groups and the 
phthalocyanine core can be revealed by examining the difference between its 
absorption spectrum and the spectrum due to a mixture of its components. A good 
agreement for these spectra usually indicates there are no significant ground state 
interactions. 
The spectra of the naphthoxyphthalocyanines cannot be compared simply 
with the convoluted spectra of naphthalene and unsubstituted phthalocyanine as the 
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• 78 substitution pattern of phthalocyanines wil l greatly affect the absorption behavior. 
Alkoxyphthalocyanines were used instead as the model compounds since they 
resemble the naphthoxyphthalocyanines except that there are no light-capturing 
naphthoxy groups. The zinc(II) 2,9,16,23-tetra( 1 -pentyloxy)phthalocyanine was 
prepared by literature procedure to model 79 and 83, while zinc(II) 1,8,15,22-
tetra(2-propyloxy)phthalocyanine and 2,3,9,10,16,17,23,24-octa( 1 -pentyloxy) 
phthalocyanine were used as models for 77 and 89, respectively. The naphthoxy 
component in the molecules was modeled using 1 -ethoxynaphthalene. 
The ground state absorption spectra of compounds 79, 83 and 89 are 
virturally identical to the weighted sum of the spectra of 1-ethoxynaphthalene and 
the corresponding model phthalocyanines in both THF and dichloromethane. Figure 
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Figure 21 Ground state absorption spectra of compound 79 (solid line) and the 
weighted sum of the absorption spectra of 1 -ethoxynaphthalenes and 2,9,16,23-
tetra( 1 -pentyloxy)phthalocyaiiinatozinc(II) (dotted line) in THF at 8.0 x 10"^  M 
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21 shows the comparison of these two spectra for compound 79, for exemplification. 
However, the ground state absorption spectra of 77 in THF (Figure 22) and 
dichloromethane (Figure 23) are remarkably different from the weighted sum of the 
spectra of model compounds. Such a discrepancy suggests that significant ground 
state interactions between the naphthoxy substitutents and the phthalocyanine core 
in 77. 
250000 
200000 - f 
150000 -
o 
T3 
100000 -
B 
⑴ 50000 \ • ; 
一 . . . . . . ^ ^ k 
0-H r 1~~ 1 • r - ^ ‘ 1 
300 400 500 600 700 800 
Wavelength / nm 
Figure 22 Ground state absorption spectra of compound 77 (solid line) and the 
weighted sum of the absorption spectra of 1-ethoxynaphthalene and 1,8,15,22-
tetra(2-propyloxy)phthalocyaninatozinc(II) (dotted line) in dichloromethane at 6.8 
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Figure 23 Ground state absorption spectra of compound 77 (solid line) and the 
weighted sum of the absorption spectra of alkoxynaphthalene and 1,8,15,22-
tetra(2-propyloxy)phthalocyaninatozinc(II) (dotted line) in dichloromethane at 4.5 
x lQ-^M 
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5.3 Fluorescence Quantum yields of Naphthalene-phthalocyanine 
Systems 
The fluorescence spectra of all these naphthoxy-phthalocyanines were 
- , . 
recorded in various solvents. Upon excitation at the weak vibronic band adjacent to 
the Q band, all these compounds showed an emission at ca. 640 一 720 nm with 
quantum yields shown in Table 6. 
Table 6 Quantum yields of the naphthalene-phthalocyanine systems 
Quantum yields “ 
CH2CI2 THF Toluene DMF 
〒 ^ ^ ^ 
79 0.44 0.46 0.46 0.47 
83 0.45 0.49 0.47 0.46 
89 0.49 0.46 0.43 0.42 
“ Standard: phthalocyaninatozinc(II) in 1-chloronaphthalene, cDf= 0.30 
b Fluorescence too weak to be measured 
While the quantum yields of compounds 79，83 and 89 are somewhat similar 
in all the solvents employed, the values for compound 77 are noticeably different. 
The quantum yields for 77 also have a larger solvent-dependence, ranging from 0.53 
in THF to almost zero in dichloromethane. It can be seen in Figure 26 that the 
spectrum of 77 in dichloromethane is very different from those recorded in other 
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solvents. It is likely that some forms of aggregates exist for 77 in dichloromethane, 
which are not emissive. 
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Figure 24 Absorption spectra of compound 77 in different solvents 
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5.4 Singlet-singlet Energy Transfer Efficiencies of Naphthalene-
phthalocyanine Systems 
5.4,1 Methodology 
Generally, the singlet-singlet energy transfer efficiency, as quantified as 
energy transfer efficiency (Oeht ) can be obtained by comparing the area covered by 
the normalized excitation spectra and that in the absorption spectra. However, such 
simple comparison cannot be used for these systems as the E2 band of the naphthoxy 
moieties overlap with the N band of the phthalocyanine core. The calculated energy 
transfer quantum yields will therefore be overestimated. So we adopted a modified, 
but a little bit more complicated method to obtain these values of energy transfer 
efficiencies of the naphthalene-phthalocyanine systems. The flow diagram of the 
method employed is shown as Figure 25. The process can be divided into four 
Absorption spectrum Absorption spectrum Excitation spectrum Excitation spectrum 
of sample of model compound of sample of model compound 
Normalization at vibronic band 
T Y I L 
Absorption spectrum due to naphthalene Excitation spectrum due to naphthalene 
\ L 
Singlet-singlet energy transfer quantum yield 
Figure 25 A flow diagram showing the steps used to obtain the singlet-singlet 
energy transfer quantum yield 
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stages, namely data acquisition, normalization, subtraction of phthalocyanine's 
contribution and comparison of absorption and excitation spectra to obtain the 
singlet-singlet energy transfer quantum yields. 
The model compounds used for this study are identical to the ones shown in 
subsection 5 . 2 . 2 , wh ich have the same substitution pattern but wi th alkoxy rather 
than naphthoxy substitutents. To prevent the problem of self-absorption, the 
concentrations of the samples and the model compounds were adjusted to such an 
extent that the absorbance of the vibronic band is lower than 0.05. For highly 
I colored compounds like phthalocyanines, this requires very diluted solutions (ca. 10" 
6 M). To prepare such highly diluted solutions, it is inevitable that intrinsic errors 
may occur during the dilution process. This may constitute one of the major errors 
in the determination of energy transfer efficiencies. 
During the normalization process, both absorption and excitation spectra 
(monitored at the phthalocyanine's emission band at ca. 685 nm) of the samples and 
the model compounds were normalized at the vibronic band, where the naphthoxy 
substitutents do not absorb. The subtraction of spectra of the samples and the model 
compounds allows a determination of the contribution due solely to the naphthoxy 
moiety and an elimination of the slight difference between the two absorption 
spectra. 
5,4.2 Determination of energy transfer quantum yields 
The light harvesting efficiencies of these naphthoxyphthalocyanine systems 
were studied using the aforementioned methodology. The calculation process is 
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given below using compound 79 as an example. 2，9，16,23-tetra(l-
pentyloxyl)phthalocyaninatozinc(II) were corded and the absorption and excitation 
spectra of compound 79 and the model compound normalized at 615 nm, where the 
vibronic band of the phthalocyanine core located. The normalized spectra are shown 
in Figure 26. The differences in absorption and excitation between 79 and the 
model compound were then obtained by numerical subtraction and the resulting 
diffrential spectra are given in Figure 27. The areas below both spectra could be 
obtained by integration and a comparison of these values allowed a determination of 
the singlet-singlet energy transfer quantum yield by integration. 
The values of energy transfer quantum yield of naphthoxyphthalocyanines 
are listed in Table 7. As the absorption spectra of compound 77 and the model 
Absorption spectrum of compound 79 
Absorption spectrum of model compound 
Excitation spectrum of compound 79 
Excitation spectrum of model compound 
i m A A 
, . 〜 I J 
300 400 500 600 
Wavelength / nm 
Figure 26 Normalization of absorption and excitation spectra of compound 79 and its 
model compound 2,9,16,23-tetra(pentyloxy)phthalocyaninatozinc(II) in THF 
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compound l,8,15,22-tetra(2-propyloxy)phthalocyaninatozinc(II) are remarkably 
different at the short-wavelength region, no attempt was made to subtract these 
spectra. The absorption and excitation spectra of 77 were compared directly instead. 
This value should be regarded as the upper limit of Oeht . 
As shown in Table 7, the energy transfer quantum yields of 79, 83 and 89 are 
higher in dichloromethane than in THF. This is rather unexpected i f the aggregation 
behaviors of these compounds in these solvents are considered. As mentioned in 
Secion 5.2.1，the compounds appear to be more aggregated in dichloromethane. The 
formation of aggregate wil l usually increase the rate of internal conversion, so that 
less amount of the excited energy wil l then be transferred to phthalocyanine core. 
The reverse trend observed in the study suggests that solvents, apart from their 
effects of aggregation, may play other roles in controlling the energy transfer 
Absorption due to the naphthoxy moiety process. ^ , , . 
Excitation due to the naphthoxy moiety 
I i f \ 
1 d / M l 
I 叫 f y f U ^ : : ' r v ^ 
• , 
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250 260 270 280 290 300 310 320 330 340 
Wavelength / nm 
Figure 27 Absorption and excitation spectra due to the naphthoxy moieties only 
for 79 in THF 
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Table 7 Singlet-singlet energy transfer quantum yields of naphthalene-
phthalocyanine systems 
Energy transfer efficiency quantum yields (%) 
•、Compound 
in CH2CI2 in THF 
f j 一 < 20.7 ^  
79 80.7 39.7 
83 50.3 20.1 
89 24.4 15.3 
a The excitation spectra was too weak to be used 
b Upper bound value 
By comparing the data for 79 and 83，an increase in distance between the 
naphthoxy chromophores and the phthalocyanine core leads to a reduction of the 
energy transfer quantum yield which can be predicted by the Foster mechanising^ 
Surprisingly, a larger number of naphthoxy groups does not give a higher quantum 
yield. As shown in Table 7，the values of Oedt of 89 is much smaller than that for 
79. The reason for this unexpected result remains elusive at this stage and a more 
systematic study is required to address this issue. 
102 
5.5 Conclusion for Part II 
In this project, we have synthesized four new phthalocyanine systems 
substituted with four or eight naphthoxy moieties on the periphery. The absorption 
spectra of these compounds were measured at different solvents and concentrations 
to study their aggregation behavior. The light-harvesting efficiency of these 
compounds has also been studied. The energy transfer quantum yields range from 
20 - 80 % in dichloromethane and 15 - 40 % in THF. These interesting results 
suggest that naphthalene-phthalocyanine is a good combination in the construction 
of light-harvesting molecular systems. 
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C H A P T E R S I X E X P E R I M E N T A L S E C T I O N 
6,1 General Information 
DMF was distilled from barium oxide under reduced pressure. 1-Pentanol was 
distilled from sodium. 1-Naphthol was sublimed prior to use. Hexanes used for 
column chromatography was distilled from anhydrous calcium chloride. Al l other 
solvents and reagents were used as received. Chromatographic purifications were 
performed on silica gel columns (Macherey Nagel, 70-230 mesh) with the indicated 
eluents. 
Melting points are uncorrected. Thin layer chromatography was performed on 
Merck silica gel plate (230-400 mesh) and developed by chloroform i f not otherwise 
stated. 1H and ^^ C NMR spectra were recorded in CDCI3 solutions on a Bruker DPX 
300 spectrometer (^H: 300 MHz) and are reported in ppm downfield from 
tetramethylsilane. IR spectra were obtained on a FT-IR spectrometer as KBr pellets. 
L-SIMS mass spectra were taken on Bruker APEX 47e mass spectrometer using 3-
nitrobenzyl alcohol as matrix. UV-Vis spectra were recorded on a Gary 5E UV-Vis-
NIR spectrophotometer. Fluorescence and excitation spectra were recorded on a 
Hitachi F-4500 spectrofluorimeter. Molecular modeling was performed on a PC 
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using the commercial software PCMODEL (Version 6.0). The minimized structures 
广 
were obtained using the MMX force fields. Data analyses were performed using the 
V 
commercial statistical software Origin (Version 5.0). 
6.2 Synthesis of tetra(l-naphthoxy)phthalocyanines 
3-(l'-Naphthoxy)phthalonitrile (76). To a mixture of 1-naphthol (400 mg, 
2.77 mmol) and 3-nitrophthalonitrile (480 mg, 2.77 mmol) in DMF (10 mL) was 
added potassium carbonate (1.53 g, 11.08 mmol). The mixture was stirred at room 
temp, for 12 h to give a brown mixture. DMF was then removed under reduced 
pressure and the residue was dissolved in diethyl ether (50 mL). The etheral 
solution was washed with water (50 mL x 2), dried over anhydrous magnesium 
sulphate, and concentrated. The crude product was purified by chromatography 
using dichloromethane/hexane (v/v 1:9) as eluent. The first UV sensitive band was 
collected and concentrated to afford 76 as a white solid (643 mg, 86%). mp 132 -
133。C; R/= 0.42; UV (EtOH)[入謹(log s)]: 221 (5.12), 281 (3.98); IR (KBr): 2230 
(vc^n)； 1H NMR: 5 7.94 (t，J 二 12 Hz, 2 H, Ai-H), 7.83 (d，•/= 8.3 Hz, 1 H，Ar-//), 
7.47 - 7.59 (m，5 H, Ar-//), 6.93 ( d， 2 . 2 Hz, 1 H, Ar-/f), 6.90 (d, J 二 2.3 Hz, 1 H, 
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Ar- i ^ ; i3C{1H} NMR: 6 161.4, 149.3，135.1，134.5，128.2, 127.2，127.1, 126.9， 
126.6, 126.3，125.7，121.2，120.1, 117.3, 116.6，115.2, 112.7, 105.6; HRMS (L-
SIMS) calcd for C18H10N2O 270.0793, found 270.0784. 
l,8,15,22-Tetra(l'-naphthoxy)phthalocyaninatozinc(II) (77). A solution of 
compound 76 (200 mg, 0.74 mmol) and zinc acetate tetrahydrate (55 mg, 0.22 mmol) 
in 1-pentanol (10 mL) was refluxed under nitrogen for 12 h to give a green solution. 
The volatiles were then removed under reduced pressure and the residue was 
dissolved in ethyl acetate (50 mL). The solution was washed with water (50 mL x 2), 
dried over anhydrous magnesium sulphate, and concentrated. The crude product 
was chromatographed using dichloromethane/hexane (v/v 1:4) as eluent. The major 
green band was collected and concentrated to afford a mixture of constitutional 
isomers of compound 77 as a green solid (74 mg, 35%). R/(EtOAc/«-hexane 1:4 v/v) 
=0.38; UV-Vis (THF) [ W (log s)]: 297 (4.64)，349 (4.71)，622 (4.59), 692 (5.38); 
HRMS (L-SIMS) calcd for C72H4oN80/'Zn 1144.2458, found 1145.2526 (M++H). 
4-(l'-Naphthoxy)phthalonitrile (78). To a mixture of 1-naphthol (500 mg, 
3.47 mmol) and 4-nitrophthalonitrile (600 mg, 3.47 mmol) in DMF (10 mL) was 
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added potassium carbonate (1.92 g，13.87 mmol). The mixture was stirred at room 
temp, for 12 h to give a brown mixture. DMF was removed and the residue was 
-'V 
dissolved in diethyl ether (50 mL). The etheral solution was washed with water (50 
mL X 2)，dried over anhydrous magnesium sulphate and concentrated. The crude 
product was purified by chromatography using dichloromethane/hexane (v/v 1:4) as 
eluent. The first ultraviolet sensitive band was collected and concentrated to afford 
a white solid (862 mg, 92%). mp 102- 104 R/= 0.72; UV (EtOH) (log s)]: 
219 (5.13)，284 (4.02); IR: 2233 (vc三n); (H NMR: 5 7.94 (d，J= 8.1 Hz，1 H，Ar-H), 
7.82 (d, J = 8.1 Hz, 2 H, Ax-H), 7.69 (d ,J= 8.7 Hz, 1 H，Ar-H), 7.48 - 7.60 (m, 3 H, 
AX-H), 7.17 - 7.27 (m，3 H, Ar-H); NMR: 162.2, 149.2，135.5，135.3, 128.4, 
127.2, 127.1，126.7,126.4，125.9,121.2,121.1，117.7，116.9，115.4，115.0, 108.8. 
2,9,16,23-Tetra(l'-naphthoxy)phthalocyaninatozinc(II) (79). A solution of 
78 (200 mg, 0.74 mmol) and zinc acetate tetrahydrate (55 mg, 0.22 mmol) in 1-
pentanol (10 mL) was refluxed under nitrogen for 12 h to give a green solution. The 
volatiles were then removed under reduced pressure and ethyl acetate (50 mL) was 
added to dissolve the residue. The solution was washed with water (50 mL x 2)， 
dried over anhydrous magnesium sulphate, and concentrated. The crude product 
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was chromatographed using dichloromethane/hexane (v/v 1:1) as eluent. The major 
green band was collected and concentrated to afford 79 as a statistical mixture of 
constitutional isomers (91 mg, 43%). R/ = 0.79; UV-Vis (THF) [A^max (log s)]: 
285(4.70)，349(4.85)，608(4.52), 676(5.29); HRMS (L-SIMS) m/z calcd. for 
C72H4oN80/^Zn 1144.2458, found 1144.3144 (M+). 
6.3 Synthesis of tetra(l-naphthoxyethoxy)phthalocyanine 
# 
l-(2»-Bromoethoxy)naphthalene (80)7^ To a DMF solution (5 mL) of 1-
naphthol (1 g，6.93 mmol) and 1,2-dibromoethane (3 mL, 34.6 mmol) was added 
potassium carbonate (382 mg, 27.7 mmol). The mixture was stirred at room temp, 
for 12 h. to give a darkened mixture. The volatiles were removed under reduced 
pressure and the residue was dissolved in diethyl ether (50 mL). The ethereal 
solution was washed with water (50 mL x 2), dried over anhydrous magnesium 
sulphate, and concentrated. The residue was chromatographed using 
dichloromethane/hexane (v/v 1:19) as eluent. Concentration of the first UV 
sensitive band afforded 80 as a white solid (1.46 g, 84%). ^H NMR: 5 8.27 - 8.30 
(m, 1 H，Ax-H), 7.77 - 7.80 (m, 1 H, Ai-H), 7.46 - 7.49 (m，2 H, Ar-//)，7.34 (t，J = 
7.3 Hz, 2 H, Ax-H)’ 6.78 (d, 6.9 Hz, 1 H, ki-H), 4.48 (t，J= 6.2 Hz, 2 H, OCHi). 
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2.17 {t, J =62 Hz, 2 H, C耶 r ) . 
‘4-Hydroxyphthalonitrile (81)7^ A A^-methylpyrrolidine (10 mL) solution of 4-
nitrophthalonitrile (500 mg, 2.88 mmol) and sodium nitrite (199 mg, 2.88 mmol) 
was heated at 170 °C under nitrogen for 45 min. After cooling to room temp., 
potassium carbonate (398 mg, 2.88 mmol) was added to the dark mixture which was 
then stirred at 170°C under nitrogen for 12 h. The volatiles were then removed 
under reduced pressure and the residue was dissolved in ethyl acetate (100 mL). 
The solution was washed with water (50 mL), dried over anhydrous magnesium 
sulphate, and concentrated. The residue was chromatographed with THF/ethyl 
acetate (v/v 1:1) as eluent. The second UV sensitive band was collected and 
evaporated. The residue was dissolved in ethyl acetate (50 mL) and the solution was 
washed with water (50 mL) and rotary evaporated to afford compound 81 as a white 
solid (282 mg, 68%). NMR: 5 7.92 ( d , J = 8.8 Hz, 1 H，Ar-//), 7.40 (d，J= 2.5 Hz, 
1 H, Av-H), 7.20 (dd, J = 8.7, 2.5 Hz, 1 H, Ar-//), 3.59 (br s, AiOH). 
4-(2'-(l"-Naphthoxy)ethoxy)phthaloiiitrile (82). To a solution of 80 (200 mg, 
0.80 mmol) and 81 (115 mg, 0.80 mmol) in DMF (10 mL) was added potassium 
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dried over anhydrous magnesium sulphate and concentrated. The crude product was 
chromatographed with dichloromethane/hexane (v/v 1:1) as eluent. The major green 
band was evaporated and concentrated to afford a statistical mixture of 
constitutional isomers of 83 as a green solid (59 mg, 28%). R/= 0.74; UV-Vis (THF) 
[入max (logs)]: 283 (4.70)，350 (4.91), 608 (4.58)，677 (5.24); HRMS (L-SIMS) m/z 
calcd for C8oH56N808^^ Zn 1320.3512, found 1320.3346. 
6.4 Synthesis of octa(l-naphthoxy)phthalocyanine 
5,6-Dichloro-l,3-isobenzofurandione (84). 4,5-Dichlorophthalic acid (3 g， 
12.7 mmol) was dissolved in acetic anhydride (5 mL) and the solution was refluxed 
for 5 h. After cooling, a creamy solid was precipitated, filtered and washed with n-
hexane to give 84 as a white solid (2.35 g，85%). mp 181-183。C ( l i t . " 184- 186 °C). 
5,6-Dichloro-m-isoindole-l,3(2//)-dione (85). Compound 84 (2.2 g，10 
mmol) was mixed with formamide (3 mL) and the mixture was refluxed for 3 h. 
After cooling, a white solid was precipitated, filtered and washed with icy cold 
water (5 mL). Upon drying in vacuo, a white solid was obtained (1.77 g，82 %). mp 
125 
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carbonate (440 mg, 3.19 mmol). The mixture was stirred at room temp, for 12 h. 
The darkened mixture was concentrated under reduced pressure to give a residue 
which was dissolved in diethyl ether (50 mL). The solution was then washed with 
water (50 mL x 2), dried over anhydrous magnesium sulphate, and concentrated. 
The residue was chromatographed with dichloromethane/hexane (v/v 1:9) as eluent 
to afford a white solid (227 mg, 91%). mp 185 一 187。C; R/= 0.58; UV (EtOH) 
[入max (log s)]: 216(5.14), 289(3.91); IR (KBr): 2229 (vc^n)； NMR: 5 8.16 (d, J = 
7.6 Hz, 1 H，Ai-H), 7.80 (d，J= 7.2 Hz, 1 H, Av-H), 7.77 (d,J= 8.8 Hz, 1 H, Ar-H), 
7.46 - 7.51 (m, 5 H, Ar-H), 7.28 (dd，J= 8.7，2.6 Hz, 1 H，Ar-H), 6.86 (d, J = 7.5 Hz， 
1 H, AT'H); I3C{1H} NMR (DMSO + CDCI3)： 161.1，152.9, 134.4，133.4, 126.5, 
125.6’ 124.9, 124.4，120.8, 119.9，119.1，118.9，116.2，114.9，114.4，106.2, 104.2， 
66.9，65.5; HRMS (L-SIMS) calcd for C20H14N2O2 314.1055, found 314.1046. 
2,9,16,23-Tetra[2'-(l"-naphthoxy)-ethoxy]phthalocyaninatozinc(II) (83). 
A mixture of 82 (200 mg, 0.64 mmol) and zinc acetate tetrahydrate (48 mg, 0.19 
mmol) in 1-pentanol (10 mL) was refluxed under nitrogen for 12 h to give a green 
solution. The volatiles were removed under reduced pressure and the residue was 
dissolved in ethyl acetate (50 mL). The solution was washed with water (50 mL x 2), 
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1 9 4 - 1 9 7 ° C ( l i t . 7 4 1 9 3 _ 1 9 5 ° c ) . 
4,5-Dichloro-l,2-benzenedicarboxamide (86). Compound 85 (1.5 g, 6.81 
mmol) was mixed with 30% ammonia solution (40 mL) and the mixture was stirred 
at room temp, for 48 h, then filtered. The solid collected was washed with cold 
water and dried in vacuo to afford compound 86 as a creamy yellow solid (1.02 g, 
64%). mp 240 - 242 (lit.74 245 -2470c). 
# 
4,5-Dichlorophthalonitrile (87). Thionyl chloride (7 mL) was added to DMF 
(10 mL) at 0°C and the solution was stirred at this temp, for 30 min. Compound 86 
(2 g, 8.63 mmol) was then added and the mixture was stirred at 0°C for a further 4 h. 
The mixture was wanned to room temp, and stirring was continued for a further 12 h. 
The mixture was then poured into ice (300 mL) and the precipitate formed was 
filtered and recrystallized from ethanol. After drying in vacuo, 87 was collected as a 
white solid (1.17 g, 69%). mp 181-182 °C (lit.74 182- 184 °C). 
4,5-Di(l'-naphthoxy)phthalonitrile (88) To a solution of 4,5-
dichlorophthalonitrile (87) (500 mg, 2.53 mmol) and 1-naphthol (732 mg, 5.06 
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mmol) in DMF (20 mL) was added potassium carbonate (2.79 g, 20.24 mmol). The 
mixture was stirred at room temp, for 12 h., then the volatiles were removed in 
--V 
vacuo. The residue was dissolved in diethyl ether (50 mL) and the solution was 
washed with water (50 mL x 2), dried over anhydrous magnesium sulphate, and 
evaporated. The residue was chromatographed with dichloromethane/hexane (v/v 
1:4) as eluent. Removal of volatiles from the first UV sensitive band afforded a 
white solid (853 mg, 82%). mp 172 - 174 R/= 0.70; IR (KBr): 2229 (vc=n); UV 
(EtOH) [？Lmax (log s)]: 219 (5.18), 284 (3.96); ^H NMR: 5 7.95 (t, J = 8.8 Hz, 4 H， 
Ar-//), 7.81 (d, J = 8.3 Hz, 2 H, Ai-H), 7.50 - 7.60 (m，6 H, Ax-H), 7.22 (t, J = 8.8 
Hz, 2 H, Ar-//), 7.19 (s, 2 H, Ar-/f); NMR: 152.0, 149.9，135.2，128.3, 
127.2, 127.0, 126.2, 126.1, 125.7, 121.9，121.0，115.6，114.9，110.5; HRMS (L-
SIMS) calcd for C28H16N2O2 412.1212，found 412.1204. 
2,3,9,10,16,17,23,24-0cta(l'-naphthoxy)phthalocyaninatozinc(ll) (89) A 
solution of compound 88 (200 mg, 0.49 mmol) and zinc acetate tetrahydrate (36 mg, 
0.15 mmol) in 1-pentanol (10 mL) was refluxed under nitrogen for 12 h to give a 
green solution. The volatiles were removed under reduced pressure to give a residue 
which was dissolved in ethyl acetate (50 mL). The solution was washed with water 
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(50 mL X 2), dried over anhydrous magnesium sulphate, and evaporated. The 
residue was chromatographed with dichloromethane/hexane (v/v 1:4) as eluent. The 
major green band was collected and concentrated to afford 89 as a green solid (77 
mg, 37%). R/= 0.53; UV-Vis (THF) [A^max (log s)]: 283(4.79), 355(4.85), 608(4.51), 
673(5.31); HRMS (L-SIMS) m/z calcd for Cii2H64N808^^Zn 1712.4138，found 
1712.4076. 
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Appendix B Crystallographic data of compound 40 
.s «• 
i-l ‘. f' •“ I! ！ I 
T a b l e 1 . C r y s t a l d a t a a n d s t r u c t u r e r e f i n e m e n t : f o r 40 • 
^ - jJ\L朴d 卜rc�C; 
• I d e n t i f i c a t i o n c o d e 
I E n v p i r i c a l f o r m u l a C53 H3 4 C l 3 Fe N5 N i 0 3 . 5 0 CHCl^ , : 口八; 
k 
I F o r m u l a w e i g h t 1 0 1 7 . 7 6 
J T e m p e r a t u r e 293 (2 ) K 
I W a v e l e n g t h 0 . 7 1 G 7 3 A 
C r y s t a l s y s t e m , s p a c e g r o u p T r i c l i n i c , p _ l 
U n i t c e l l d i m e n s i o n s a = 1 1 . 2 8 5 9 ( 1 0 ) A a l p h a = 1 0 8 ^ 3 4 4 ( 2 ) 
b = 1 4 . 6 8 7 0 ( 1 3 ) A b e t a = SO . 6 9 8 ( 2 ) 
c = 1 5 . 2 9 〇 4 ( 1 3 ) A gamma = 1 0 6 . 7 6 8 ( 2 ) 
1 v o l u m e 2 2 8 8 . 6 ( 3 ) A、3 
3 Z , C a l c u l a t e d d e n s i t y 2 , 1 . 4 7 7 Mg/ r rTS 
A b s o r p t i o n c o e f f i c i e n t 0 . S55 nn.m"-l 
« F(OQO) 1 0 4 0 
C r y s t a l s i z e 0 . 5 3 x 0 . 2 9 x 0 . 2 0 mm 
— T h e t a r a n g e f o r d a t a c o l l e c t i o n 1 . 4 1 t o 24 . 00 d e g . 
L i m i t i n g i n d i c e s - 1 2 < = h < = 7 , - I 6 < = k < = 1 6 , - 1 7 < = 1 < = 1 7 
R e f l e c t i o n s c o l l e c t e d / u n i q u e 11791 / 7 1 3 2 [ R ( i n t : ) = 0 . 0 4 9 7 ] 
C o m p l e t e n e s s t o t h e c a = 2 4 . 0 0 9 5 . 4 % 
A b s o r p t i o n c o r r e c t i o n E m p i r i c a l 
I M a x . a n d m i n . t r a n s m i s s i o n l .OOCG a n d 0 . 8 1 3 7 
f R e f i n e m e n t m e t h o d F u l l - m a t r i x l e a s t - s q u a r e s o n 广 2 
【 D a t a / r e s t r a i n t s / p a r a m e t e r s 7 1 3 2 / 0 / 597 
G o o d n e s s - o f - f i t o n 0 . 9 6 3 
L ‘ 
F i n a l R i n d i c e s [ I > 2 s i g m a ( I ) ] R1 = 0 . 0 7 8 8 , wR2 = 0 . 2 1 4 8 
I R i n d i c e s ( a l l d a t a ) R 1 = 0 . 1 4 6 9 , wR2 = 0 . 2 6 5 3 
L a r g e s t d i f f . p e a k a n d h o l e 1 . 0 7 2 a n d - 0 . 7 4 7 e . A " - . 3 
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T a b l e 2 . A t o m i c c o o r d i n a t e s ( x 1 0 " 4 ) _ a n d e q u i v a l e n t i s o t r o p i c 
d i s o l a c e m e n c p a r a n n . e c e r s ( x 1 ^ 3 ) f o r 40 
U ( e q ) i s d e f i n e d a s o n e . h i r d o f t h e 二 r a c e o f t h e o r t h o g o n a l i z e d 
U i j t e n s o r . 
X y z U ( e q ) 
M i ( l ) - 1 9 1 0 1 ( 1 ) - 3 3 4 2 ( 1 ) - 3 7 9 9 ( 1 ) 3 1 : 1 : 
F e d ) - 1 2 5 0 7 ( 1 ) - 2 6 5 ( 1 ) 3 7 7 ( 1 ) ^ 6 ( 1 
M ( l ) - 1 7 6 9 4 ( 6 ) - 2 2 0 3 ( 5 ) - 3 8 5 9 ( 4 ) 39 i2； 
"M ( 2 ) - 2 0 0 7 1 ( 6 ) - 3 1 9 5 ( 5 ) - 4 7 8 3 ( 4 ) 3 5 ( 2 | 
N ( 3 ) - 2 0 4 8 3 ( 6 ) - 4 5 0 4 ( 5 ) - 3 7 7 1 ( 4 ) 2( 
M ( d ) - 1 8 1 6 6 ( 6 ) - 3 4 S 1 ( 5 ) - 2 7 8 0 ( 4 ) 3o、2 ) 
N ( 5 ) - 2 8 9 5 7 ( 3 ) - 7 3 4 4 ( 7 ) - 7 9 8 7 ( 7 ) 6S、3) 
0 ( 1 ) - 2 9 6 9 8 ( 7 ) - 7 9 9 3 ( 6 ) - 7 7 8 7 ( 6 ) 9 4 ( 3 ) 
0 ( 2 ) - 2 9 1 5 3 ( 3 ) - 7 0 4 7 ( 7 ) - 8 6 1 3 ( 6 ) 9 5 ( 3 ) 
C ( i ) - 2 7 7 0 0 ( 3 ) - 6 3 3 4 ( 7 ) - 7 4 5 9 ( 6 ) 4 7 ( 2 ) 
C ( 2 ) - 2 6 3 5 5 ( 1 0 ) - 6 1 5 9 ( 3 ) - 7 6 8 4 ( 7 ) 6 9 ( 3 ) 
C ( 3 ) - 2 5 6 6 5 ( 9 ) - 5 7 1 3 ( 3 ) - 7 1 9 9 ( 7 ) ^ 6 ( 3 ) 
C ( 4 ) - 2 5 3 7 0 ( 3 ) - 6 0 2 8 ( 6 ) - 6 4 7 0 ( 6 ) 4 3 ( 2 ) 
C ( 5 ) - 2 6 2 8 0 ( 8 ) - 6 7 8 1 ( 5 ) - 6 2 6 1 ( 6 ) 5 2 ( 2 ) 
C ( 6 ) - 2 7 4 6 0 ( 8 ) - 7 2 0 8 ( 7 ) - 6 7 7 3 ( 7 ) 52 2 
C 7 - 2 4 1 6 7 ( 8 ) - 5 5 8 1 ( 7 ) " 5 9 5 2 ( 6 ) 2 
C 3 , - 2 3 1 7 7 ( 8 ) - 5 1 7 3 ( 6 ) - 5 5 3 5 ( 6 ) 2 
C 9 - 2 1 9 6 7 ( 7 ) - 4 6 3 4 ( 6 ) - 5 0 2 6 ( 5 ) 3 6 2 
C 1 0 ) - 2 1 2 5 6 ( 8 ) - 3 7 6 4 ( 6 ) - 5 1 8 9 ( 5 ) 4 0 ( 2 
C 1 1 - 2 1 6 7 ^ ( 9 - 3 3 7 0 ( 7 ) - 5 8 2 4 ⑷ 52 2 
C U 2 9 丨 - 2 5 5 ^ 7 ) - 5 8 2 4 ( 6 ) 52 3 
C 13 - 1 9 7 3 7 ( 8 ) - 2 4 5 4 ( 6 ) - 5 1 9 7 ( 6 ) 33 2 
C U . - 1 3 5 8 7 8) - 1 7 3 3 ( 6 ) - 5 0 S 3 (，丨 尝 
e n s - 1 7 G ^ 7 ( 8 ) - 1 6 5 6 ( S ) " 4 4 5 9 ( 6 ) 40 2 
C u l - i s 言 ％ 9 丨 - 9 4 5 ( 7 ) - 4 3 1 2 ( 7 ) 59 3 
C M 7 - 1 5 7 3 7 ( 8 ) - 1 0 5 5 ( 7 ) - 3 6 3 9 ⑷ 53 3 
C 冗 - 1 ^ 3 6 8 - 1 8 2 4 ( 6 ) - 3 3 4 1 ⑷ 4 1 2 
C i i 9 - 1 6 2 1 5 ( 7 ) - 2 0 7 6 ( 6 ) - 2 6 0 1 ( 5 ) 38 2 
C 2 ^ ) - 1 6 9 8 9 ( 8 ) - 2 8 4 7 ( 6 ) - 2 3 4 3 ( 5 ) 
r ( y i ] - 1 6 6 7 8 ( 9 ) - 3 1 3 7 7 ) 一1 6 〇 5 ( 6 ) 52 3 
C 2 2 - 1 7 6 0 3 9 - 3 8 8 6 ( 7 ) - 1 5 5 2 ( 6 ) 53 
C 23 - 1 8 5 5 2 ( 8 ) - 4 1 0 3 ( 6 ) - 2 2 8 1 ( 5 ) 43 2 
C 2 ' - 1 9 ^ 6 7 3 - 4 8 9 0 ( 6 ) - 2 4 7 2 ( 6 ) 二丨 , 
C 2 5 - 2 0 5 4 9 ( 8 ) - 5 0 7 3 ⑷ " 3 1 9 2 6 39 2 
C 2 6 - 2 1 6 8 9 ( 8 ) - 5 3 8 1 ( 6 ) “ ]””， - 二 蓋 
C 2 7 ) - 2 2 3 0 7 ( 8 ) - 5 8 2 5 ⑷ - ⑴ ： f 、 ； ‘ ‘ 
C L - 2 1 5 3 3 ( 7 ) - 4 9 7 6 ( 6 ) - ^ 3 4 9 5 ^ 5 2 
C 3 1 - 1 3 3 6 2 ( 3 ) - 1 0 5 2 ( 7 ) - 5 S 4 1 S ^ 9 2} 
C 3 2 - 1 8 3 1 8 ( 1 5 ) - 7 6 ( 9 ) ^ 5 2 6 5 8 二 ^ ^ 
C 3 3 ) - 1 8 1 3 2 ( 1 8 ) 5 5 6 ( 1 0 ) " 5 7 9 3 9 1 3 2 ( 7 ) 
C 3 4 ) - 1 7 9 8 5 ( 1 3 ) 2 0 5 ( 9 ) - 二 8 8 化 
C(35) -18024(14) -7U(10 ) "7077 9 
C 3 6 ) - 1 8 2 0 7 ( 1 3 ) - 1 3 7 8 ; 8 丨 一二》》： | o 2 
C ( 4 1 ) - 1 9 9 2 7 ( 1 0 ) - 5 5 3 1 ( 7 ) _ 〒 二 ⑵ v o 3 
C 42 -19251(11) -6140(8) _〒雲》〇〇； Q^Q 5 
C ( 4 3 ) - 1 9 5 1 3 ( 1 6 ) - 6 7 5 8 ( 9 ) ' ^ 2 6 0 9) 〒二言 
C(44； -20514(17) -6770(11) - 二 ⑵ ） 盟 
C ( 4 5 ) - 2 1 2 1 3 ( 1 4 ) - S 1 7 9 1 2 ) ：^!^ ^ 1 0 2 ^ ) 
C ( 4 6 ) - 2 0 9 2 0 ( 1 0 ) - 5 5 6 0 8 ' f ^ f o l l ] 1 ^ ( 2 
C ( 4 7 ) - 1 5 0 7 6 ( 9 ) - 1 4 7 1 ( 7 ) ' 2 0 2 8 6 ^ ^ ^ 
C 4 3 - 1 4 1 5 7 ( 3 ) - 9 2 9 ( 7 ) " 1 5 1 3 6 二 尝 
C 5 1 - 1 3 1 3 5 ( 8 ) - 2 1 7 ( 7 ) ⑵ 尝 
C ( 5 2 ) - 1 1 3 4 8 ( 8 ) - 2 0 8 ( 5 ) - 8 4 2 ( 6 ) 4 3 ( 2 ) 
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C ( 5 3 ) - 1 1 1 7 1 ( 9 ) 6 7 2 ( 7 ) - 1 0 3 ( 7 ) 54 3 
么） -11973 (9) 1176 (7) 342(6) 50(2) 
C f 5 5 ) - 1 3 1 3 9 ( 3 ) 642 (7) - 1 1 9 ( 6 ) 4 8 ( 2 ) 
0；56) -12369(12) -1536(9). 5 8 4 ( 3 ) S 9 ( 3 ) 
C ( 5 7 ) -11662(11) -711(9) 1299(3) 6 S ( 3 ) 
C ( 5 3 ) -12436(11) -166(10) 1747(7) 7 4 ( 3 ) 
C K 9 、 - 1 3 ⑷ （ 1 0 ) - 5 2 4 (9 ) 1 3 2 3 ( 8 ) 州 3) 
C i 6 0 ) - 1 3 6 0 9 ( 1 2 ) - 1 4 9 0 ( 9 ) Q 5 ( 9 ) 8 4 ( 4 ) 
「； g ) ( 1 6 ) - 2 0 1 8 ( 1 4 ) 2 8 9 1 ( 1 2 ) 1 3 5 ( 6 ) 
^ w ；； - 9 3 1 5 5 ( 1 0 ) - 2 3 5 6 ( 9 ) 2 6 2 3 ( 7 ) 1 3 4 ( 3 ) 
nt n '' ) -23667(1 ^) -2994(12) 2333(10) 188(5) 
？. rT ；) -2^7^6(3) -2005(6) 3961(4) 256(4) 
— c T 3 -253^^(6 -2629(7) 2121(5) 240(4) 
S S - 1 3 3 0 4 14) - 4 5 5 5 ( 1 1 ) - l l K 。 丨 ： ， ⑵ 。 
Of2W - 1 5 ^ 3 1 ( 1 8 ) - 4 4 6 5 ( 1 3 ) - 5 5 7 ( 1 2 ) 90 5 ^ … ：， 
O O w ! - 5 : : 5 3 0 ( 2 0 ) - 4 2 4 3 ( 1 7 ) - 3 3 7 ( 1 5 ) 1 3 1 (3 ) j ” … 
i» 
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Table 3. Bor..d ler.gths [A] and angles [deg] for 40 
--
Ni(l) -N(4) 1.931(6) 
Ni (1) -N(2) 1.933(6) 
Ni(l) -N(3) 1.96"3(6) 
Ni (1) -N(l) 1.969(6) 
Fe (1) -C (60) 2.012(10) 
re (1) -C (52) 2.032(9) 
Fe ( 1) - C ( 56) 2.C36(10) 
Fe ( 1) - C ( 59) 2.037(10) 
Fe (1) -C (55) 2.039(9) 
Fe(1)-C(53) 2.043(9) 
Fe ( 1) - C ( 54:) 2.045(9) 
Fe (1) -C (58) 2.052(10) 
Fe ( 1) - C ( 57) 2.057(9) 
Fe ( 1) - C ( 51) 2.071(8) 
N(l) -C(18) 1.387(10) 
N(l) -C(15) 1.395(10) 
N(2) -C(10) 1.371(10) 
N(2) -C(13) 1.390(10) 
N(3) -C(28) 1.377(9) 
N(3) -C(25) 1.385(10) 
N(4:) -C(23) 1.372(10) 
N(4:) -C(20) 1.390(10) 
N(5) -0(1) 1.196(11) 
N(5) -0('2) 1.211(11) 
N(5) -C(l) 1.482(11) 
C(l) -C(6) 1.335(12) 
C(l) -C(2) 1.347(13) 
C(2) -C(3) 1.394(13) 
C(3) -C(4) 1.405(12) 
C(4) -C(5) 1.398(12) 
C(4) -C(7) 1.426(12) 
C(5) -C(6) 1.4:01(12) 
C(7) -C(8) 1.171(11) 
C(8) -C(9) 1.434(11) 
C(9) -C(10) 1.397(11) 
C(9) -C(28) 1.398(11) 
C(10) -C(11) 1.417(11) 
C(11) -C(12) 1.333 (12) 
C(12) -C(13) 1.439(11) 
C(13) -C(14) 1.379(11) 
C(14) -C(15) 1.351(11) 
C(14) -C(31) 1.510(12) 
C(15) -C(16) - 1.457(12)~ 
C(16) -C(17) 1.341(12) 
C(17) -C(18) 1.429(11) 
C(18) -C(19) 1.371(11) 
C(19) -C(20) 1.385(11) 
C(19) -C(47) 1.426(12) 
C(20) -C(21) 1.399(11) 
C(21) -C(22) 1.307(12) 
C(22) -C(23) 1.425(11) 
C(23) -C(24) 1.395(11) 
C(24) -C(25) 1.381(11) 
C(24) -C(41) 1.491(11) 
C(25) -C(26) 1.425(11) 
C(26) -C(27) 1.328(11) 
C ( 27) - C ( 28.) 1.396(11) 
C(31) -C(36) 1.338(13) 
C(31) -C(32) 1.352(14) 
C(32) -C(33) 1.386(15) 
I 136 
... 
0 ( 3 3 ) - C ( 3 4 ) 1 . 3 3 4 ( I G ) 
C ( 3 4 ) - C O S ) 1 . 3 4 4 ( 1 6 ) 
C O S ) - C ( 3 6 ) 1 • 377 ( 1 4 ) 
C ( 4 1 ) - C ( 4 2 ) 1 - 3 5 3 ( 1 3 ) 
C ( 4 1 ) - C ( 4 5 ) 1 . 3 6 4 ( 1 4 ) 
C { 4 2 ) - C ( 4 3 ) 1 - 3 9 6 ( 1 5 ) 
C ( 4 3 ) - C ( 4 4 ) 1 - 3 6 (2 ) 
C ( 4 4 ) - C ( 4 5 ) 1 - 3 5 ( 2 ) 
C ( 4 5 ) - C ( 4 6 ) 1 . 4 0 5 ( 1 5 ) 
C ( 4 7 ) - C ( 4 3 ) 1 . 2 0 0 ( 1 1 ) 
C ( 4 3 ) - C ( 5 1 ) 1 . 4 1 3 ( 1 2 ) 
、 C ( 5 1 ) - C ( 5 5 ) 1 . 4 4 1 ( 1 2 ) 
C ( 5 1 ) - C ( 5 2 ) 1 . 4 4 9 ( 1 1 ) 
C ( 5 2 ) - C { 5 3 ) 1 . 4 2 1 ( 1 2 ) 
C ( 5 3 ) - C ( 5 4 ) 1 . 3 3 4 ( 1 3 ) 
C ( 5 4 ) - C ( 5 5 ) 1 . ^ 1 5 ( 1 2 ) 
C ( 5 6 ) - C ( 5 7 ) 1 . 3 7 3 ( 1 5 ) 
C ( 5 S ) - C ( 6 0 ) 1 . 4 2 1 ( 1 6 ) 
C ( 5 7 ) - C ( 5 3 ) 1 - 3 9 5 ( 1 5 ) 
C ( 5 3 ) - C ( 5 9 ) 1 - 3 8 1 ( 1 4 ) 
C ( 5 S ) - C ( 5 0 ) 1 - 3 9 7 ( 1 6 ) 
C ( 6 1 ) - C l ( 2 ) ( 1 5 ) 
C ( 6 1 ) - C K l ) 1 . 6 9 5 ( 1 9 ) 
C ( 6 1 ) - C i ( 3 ) 1 . 7 4 5 ( 1 8 〉 
C ( 6 1 ) - C K l ' ) 1 . 8 7 ( 2 ) 
0 ( I W ) - 0 ( 3 W ) 1 . 7 0 (3 ) 
O ( 2 W ) - 〇 ( 3 W ) 0 . 9 9 ( 2 ) 
N ( 4 ) - N i ( 1 ) - N ( 2 ) 1 7 7 . 8 ( 3 ) 
N ( 4 ) - N i ( 1 ) - N ( 3 ) 3 9 . 5 ( 3 ) 
N ( 2 ) - N i ( 1 ) - N ( 3 ) 9 0 . 1 ( 3 ) 
N ( 4 ) - N i ( 1 ) - N ( l ) 90 . 6 ( 3 ) 
N ( 2 ) - N i ( 1 ) - N ( l ) 8 9 . 8 (3 ) 
N ( 3 ) - N i ( 1 ) - N ( l ) 1 7 3 . 1 ( 3 ) 
C ( 6 〇 ） - F e ( 1 ) - C ( 5 2 ) . 6 ( 5 ) 
C ( 6 〇 ） - F e ( 1 ) - C ( 5 6 ) 4 1 . 1 ( 5 ) 
C ( 5 2 ) - F e d ) - C ( 5 6 ) 1 0 8 . 9 ( 4 ) 
C ( 6 0 ) - F e d ) - C ( 5 9 ) 4 0 . 4 ( 5 ) 
C ( 5 2 ) - F e d ) - C ( 5 9 ) 1 5 2 . 1 ( 4 ) 
C ( 5 6 ) - F e ( 1 ) - C ( 5 9 ) 5 9 . 1 ( 5 ) 
C ( 6 〇 ） - F e d ) - C ( 5 5 ) 1 2 2 . 9 ( 5 ) 
C ( 5 2 ) - F e d ) - C ( 5 5 ) S 9 . 1 ( 4 ) 
C ( 5 6 ) - F e d ) - C ( 5 5 ) 1 5 9 . 8 (4 ) 
C ( 5 9 ) - F e d ) - C ( 5 5 ) 1 0 6 . 3 ( 4 ) 
C ( 6 〇 ） - F e ( 1 ) - C ( 5 3 ) 1 S 3 . 2 ( 6 ) 
C ( 5 2 ) - F e d ) - C ( 5 3 ) 4 0 . 8 ( 3 ) 
C ( 5 6 ) - F e d ) - C ( 5 3 ) 1 2 5 . 1 ( 5 ) 
C ( 5 9 ) - F e d ) - C ( 5 3 ) 1 5 4 . 9 ( 5 ) 
C ( 5 5 ) - F e d ) - C ( 5 3 ) S 7 . 4 ( 4 | 
C ( 6 0 ) - F e d ) - C ( 5 4 ) 1 5 6 . 7 ( 5 ) 
C ( 5 2 ) - F e d ) - C ( 5 4 ) SQ .1 
C ( 5 6 ) - F e d ) - C ( 5 4 ) 1 5 9 . 1 5 
C ( 5 9 ) - F e d ) - C ( 5 4 ) 1 1 9 . 8 ( 5 
C ( 5 5 ) - F e d ) - C ( 5 4 ) 4 0 . 5 3 
C ( 5 3 ) - F e d ) - C ( 5 4 ) 3 9 . 6 ⑵ 
C ( 6 0 ) - F e d ) - C ( 5 8 ) 6 5 . 8 5 
C ( 5 2 ) - F e d ) - C ( 5 8 ) 1 5 7 . 4 ⑵ 
C ( 5 6 ) - F e d ) - C ( 5 8 ) S S . 7 5 
C ( 5 9 ) - F e d ) - C ( 5 8 ) ； 
C ( 5 5 ) - F e ( 1 ) - C ( 5 8 ) 1 2 3 . 0 5 
C ( 5 3 ) - F e d ) - C ( 5 8 ) 1 2 2 . 0 4 
C ( 5 4 ) - F e d ) - C ( 5 8 ) 1 0 7 . 1 ( 4 ) 
. C ( 6 0 ) - F e ( 1 ) - C ( 5 7 ) S S . 4 ⑷ 
、 C { 5 2 ) - F e d ) - C ( 5 7 ) 1 2 2 . 8 ( 4 ) 
( 
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C ( 5 6 ) - ? e ( l ) - C ( 5 7 ) 3 9 . 2 ( 4 ) 
C ( 5 9 ) - F e ( 1 ) - C ( 5 7 ) 6 7 . S ( 4 ) 
C ( 5 5 ) - r e d ) - C ( 5 7 ) 1 5 3 . 9 ( 4 ) 
C ( 5 3 ) - F e d ) - C ( 5 7； 1 0 3 . 0 ( 4 ) 
C ( 5 4 ) - F e d ) - C ( 5 7 ) 123 . 4 ( 4 ) 
C ( 5 3 ) - F e d ) - C ( 5 7 ) 3 9 . 7 ( 4 ) 
C ( 6 0 ) - F e d ) - C ( 5 1 ) 1 G 9 . 8 ( 4 ) 
C ( 5 2 ) - F e d ) - C ( 5 1 ) 4 1 . 4 ( 3 ) 
C ( 5 6 ) - F e d ) - C ( 5 1 ) 1 2 4 . 1 ( 4 ) 
C ( 5 9 ) - ? 8 ( 1 ) - C ( 5 1 ) 1 2 4 . 0 ( 4 ) 
C ( 5 5 ) - F e d ) - C ( 5 1 ) 4 1 . 0 ( 3 ! 
: C ( 5 3 ) - F e d ) - C ( 5 1 ) ^ 3 . 2 3 ; 
C ( 5 d ) - F e ( 1 ) - C ( 5 1 ) 6 3 . 7 ( 3 ) 
C ( 5 8 ) - F e d ) - C ( 5 1 ) 1 5 9 . 7 ( 4 ) 
C ( 5 7 ) - F e d ) - C ( 5 1 ) 1 5 9 . 1 4 
C ( 1 8 ) - N ( l ) - C ( 1 5 ) 1 0 S . 2 7 ! 
C ( 1 8 ) - N ( l ) - N i ( l ) 1 2 7 . 0 5 ( 
C(15) - N ( l ) - N i (1) lz、8(,， 
, C ( 1 0 ) - M ( 2 ) - C ( 1 3 ) 
C ( 1 0 ) - N ( 2 ) - N i ( l ) 1 2 3 . ± D ) 
C ( 1 3 ) - N ( 2 ) - N i ( l ) 二 • 賢 二 
C ( 2 8 ) - N ( 3 ) - C ( 2 5 ) J " 。 . ^ 二 
C ( 2 8 ) - N ( 3 ) - N i ( l ) . 3 b 
C ( 2 5 ) - M ( 3 ) - N i ( l ) 4 
C ( 2 3 ) - N ( 4 ) - C ( 2 0 ) 
C ( 2 3 ) - N ( 4 ) - N i ( l ) . 3 5 
0 ( 2 ) - N ( 5 ) - C ( l ) 8 9) 
C ( 2 ) - C ( 3 ) - C ( 4 ) y f a 111 ) 
C ( 5 ) - C ( 4 ) - C ( 7 ) ；In - . i l ) 
C ( 4 ) - C ( 5 ) - C ( 6 ) 二•？！ 
C ( l ) - C ( 6 ) - C ( 5 ) V f - 9 i V o ) 
C ( 8 ) - C ( 7 ) - C ( 4 ) 二 二 
C ( 7 ) - C ( 8 ) - C ( 9 ) V - ^ V V n ) 
C ( 1 0 ) - C ( 9 ) - C { 2 8 ) Oil) 
C ( 2 8 ) - C ( 9 ) - C ( 8 ) A l ) 
N ( 2 ) - C ( 1 0 ) - C ( 9 ) 2 i V ) ， 
N ( 2 ) - C ( 1 0 ) - C { 1 1 ) o i l ) 
C ( 9 ) - C ( 1 0 ) - C ( l l ) 7 2 3 . 2 8 
C ( 1 2 ) - C ( 1 1 ) - C ( 1 0 ) 〒 二 . • ⑵ 
C ( l l ) - C ( 1 2 ) - C ( 1 3 ) 
C ( 1 4 ) - C ( 1 3 ) - N ( 2 ) o i o i 
1 C { 1 4 ) - C ( 1 3 ) - C ( 1 2 ) 盟 1 ⑶ 
N ( 2 ) - C ( 1 3 ) - C ( 1 2 ) 二 1 r ) 
C ( 1 5 ) - C ( 1 4 ) - C ( 3 1 ) I I I s i V ) 
C ( 1 3 ) - C ( 1 4 ) - C ( 3 1 ) I I I 9 [ s ) 
N ( l ) - C ( 1 8 ) - C ( 1 7 ) 1 上 0 . 1 ( 7 ) 
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C ( i a ) - C ( 1 9 ) - C ( 2 0 ) 1 2 2 . 9 ( 7 ) 
C ( 1 8 ) - C ( 1 9 ) - C ( 4 7 ) 1 1 8 . 7 ( 3 ) 
C ( 2 0 ) - C ( 1 9 ) - C ( 4 7 ) 1 1 3 . 2 ( 7 ) 
C ( 1 9 ) - C ( 2 0 ) - M ( 4 ) 126 . 0 ( 7 ) 
C ( 1 9 ) - C ( 2 0 ) - C ( 2 1 ) 1 2 4 . 3 ( 3 ) 
M ( 4 ) - C ( 2 0 ) - C ( 2 1 ) 1 0 9 . 7 ( 3 ) 
C ( 2 2 ) - C ( 2 1 ) - C ( 2 0 ) 103 . 3 ( 3 ) 
C ( 2 1 ) - C ( 2 2 ) - C ( 2 3 ) 1 0 7 . 3 ( 8 ) 
N ( 4 ) - C ( 2 3 ) - C ( 2 4 ) 126 . 1 ( 7 ) 
N ( 4 ) - C ( 2 3 ) - C ( 2 2 ) 1 0 9 . 9 ( 7 ) 
C ( 2 4 ) - C ( 2 3 ) - C ( 2 2 ) 123 .3 ( 8 ) 
-、 C ( 2 5 ) - C ( 2 4 ) -C (23 ) 121 . g (7) 
C ( 2 5 ) - C ( 2 4 ) - C ( 4 1 ) 1 1 9 . 3 ( 7 ) 
C ( 2 3 ) - C ( 2 4 ) - C ( 4 1 ) 1 1 9 . 1 ( 3 ) 
C ( 2 4 ) - C ( 2 5 ) -N(3 ) 1 2 6 . 1 ( 7 ) 
C ( 2 4 ) - C ( 2 5 ) -C ( 26 ) 1 2 4 . 6 (8) 
N ( 3 ) - C ( 2 5 ) - C ( 2 6 ) 1 0 9 . 3 ( 7 ) 
C ( 2 7 ) -C{26 ) - C ( 2 5 ) 108 . 3 ( 8 ) 
. C ( 2 6 ) - C ( 2 7 ) - C ( 2 3 ) 1 0 6 . 5 ( 7 ) 
N ( 3 ) - C ( 2 8 ) - C ( 2 7 ) 1 1 2 . 1 ( 7 ) 
N ( 3 ) - C ( 2 3 ) -C (9 ) 124 .6 (7) 
C ( 2 7 ) - C ( 2 8 ) - C ( 9 ) 1 2 3 . 3 ( 7 ) 
C O G ) - C ( 3 1 ) -C (32 ) 1 1 7 . 2 (10) 
C ( 3 6 ) - C ( 3 1 ) - C ( 1 4 ) 1 2 2 . 0 ( 9 ) 
C ( 3 2 ) - C ( 3 1 ) - C ( 1 4 ) 1 2 0 . 8 ( 9 ) 
C ( 3 1 ) - C { 3 2 ) - C ( 3 3 ) 1 2 1 . 2 ( 1 1 ) 
C ( 3 4 ) - C ( 3 3 ) - C ( 3 2 ) 1 1 9 . 9 ( 1 2 ) 
C ( 3 3 ) - C ( 3 4 ) - C O S ) 1 1 9 . 8 ( 1 1 ) ‘ 
C ( 3 4 ) - 0 ( 3 5 ) - C ( 3 6 ) 1 1 9 - 4 ( 1 2 ) 
C ( 3 1 ) - C ( 3 6 ) - C O S ) 1 2 2 . 4 ( 1 1 ) 
C ( 4 2 ) - C ( 4 1 ) - C ( 4 6 ) 1 1 6 . 4 ( 1 0 ) 
C ( 4 2 ) - C ( 4 1 ) - C ( 2 4 ) 1 2 3 . 3 ( 1 0 ) 
C ( 4 6 ) - C ( 4 1 ) - C ( 2 4 ) 1 2 0 - 3 ( 9 ) 
C ( 4 1 ) - C ( 4 2 ) - C ( 4 3 ) 1 2 3 . 1 ( 1 3 ) 
C ( 4 4 ) - C ( 4 3 ) - C ( 4 2 ) 1 1 9 .3 ( 1 4 ) 
C ( 4 5 ) - C ( 4 4 ) - C ( 4 3 ) 1 1 9 . 2 ( 1 3 ) 
C ( 4 4 ) - C ( 4 5 ) - C ( 4 6 ) 1 2 0 . 3 ( 1 4 ) 
C ( 4 1 ) _ C ( 4 6 ) - C ( 4 5 ) 1 2 1 . 7 ( 1 3 ) 
C ( 4 8 ) - C ( 4 7 ) - C ( 1 9 ) 1 7 6 . 2 ( 1 1 ) 
C ( 4 7 ) - C ( 4 8 ) - C ( 5 1 ) 1 7 4 . 4 ( 1 1 ) 
C ( 4 3 ) - C ( 5 1 ) - C ( 5 5 ) 1 2 5 . 8 ( 8 ) 
C ( 4 8 ) - C ( 5 1 ) - C ( 5 2 ) 128 . 1 ( 9 ) 
C ( 5 5 ) - C ( 5 1 ) - C ( 5 2 ) 106.1(7) 
C ( 4 3 ) - C ( 5 1 ) - F e ( 1 ) 1 2 7 . 1 ( 6 ) 
C ( 5 5 ) - C ( 5 1 ) - F e ( 1 ) 6 8 . 3 ( 5 ) 
C ( 5 2 ) - C ( 5 1 ) - F e d ) 6 7 . 9 ( 5 ) ， 
C ( 5 3 ) - C ( 5 2 ) - C ( 5 1 ) 1 0 7 . 0 ( 3 ) 
C ( 5 3 ) - C ( 5 2 ) - F e ( 1 ) 7 0 . 0 ( 5 ) 
C ( 5 1 ) - C ( 5 2 ) - F e ( 1 ) 70 . 8 ( 5 ) 
C ( 5 4 ) - C ( 5 3 ) - C ( 5 2 ) 1 1 〇 . 0 ( 3 ) 
C ( 5 4 ) - C ( 5 3 ) - F e ( 1 ) 7 0 . 3 ( S ) 
C ( 5 2 ) - C ( 5 3 ) - F e ( 1 ) 6 9 . 2 ( 5 ) 
C ( 5 3 ) - C ( 5 4 ) - C ( 5 5 ) 1 0 8 . 0 ( 8 ) 
C ( 5 3 ) - C ( 5 4 ) - F e ( 1 ) 7 0 . 1 ( 5 ) 
C ( 5 5 ) - C ( 5 4 ) - F e ( 1 ) 6 9 . 5 ( 5 ) 
C ( 5 4 ) - C ( 5 5 ) - C ( 5 1 ) 1 0 8 . 7 ( 8 ) 
C ( 5 4 ) - C ( 5 5 ) - F e d ) 7 0 . 0 ( 5 ) 
C ( 5 1 ) - C ( 5 5 ) - F e d ) 7 0 . 7 ( 5 ) 
C ( 5 7 ) - C ( 5 6 ) - C { 6 0 ) . 1 0 5 . 8 ( 1 1 ) 
C ( 5 7 ) - C ( 5 6 ) - F e ( 1 ) 7 1 . 2 ( 6 ) 
C ( 6 0 ) - C ( 5 6 ) - F e ( 1 ) S3 • 5 (S) 
C ( 5 6 ) - C ( 5 7 ) - C ( 5 8 ) 1 0 8 . 6 ( 1 0 ) 
C ( 5 6 ) - C ( 5 7 ) - F e ( 1 ) ^ ^ . 6 ( 6 ) 
C ( 5 3 ) - C ( 5 7 ) - F e d ) 70 . 0 ( 5 ) 
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C ( 5 9 ) - C ( 5 3 ) - C ( 5 7 ) 1 1 0 . 2 ( 1 1 ) 
C ( 5 9 ) - C ( 5 3 ) - F e d ) S 9 . 7 引 
C ( 5 7 ) - C ( 5 3 ) - ? e ( 1 ； 7 0 . 3 
C ( 5 3 ) - C ( 5 9 ) -C (6Q； 1 0 5 . 2 
C ( 5 3 ) - C ( 5 9 ) - r e d ) 7 0 . 9 : 引 
C ( 6 0 ) - C ( 5 9 ) - F e d ) ，？”；了二、 
C ( 5 9 ) - C ( 6 0 ) - C ( 5 6 ) 110.1:》？） 
C ( 5 9 ) - C ( 6 0 ) - F e d ) 7 0 . 8 
C ( 5 6 ) - C ( 6 0 ) - F e ( l ) 二 1 ? 、 
C i ( 2 ) - C ( 6 1 ) - C l ( l ) 1丄0 . 2 1 1 
C 1 ( 2 ) - C ( 6 1 ) - C 1 { 3 ) + = . : ( 々 。 
‘ C l ( l ) - C ( 6 1 ) - C l ( 3 ) i l 9 . 5 、 1 2 
C 1 ( 2 ) - C ( 6 1 ) - C 1 ( 1 ' ) 10) 
C 1 ( 1 ) - C ( 6 1 ) - C 1 ( 1 ' ) 二 • 化 、 
C 1 ( 3 ) - C ( 6 1 ) - C 1 ( 1 ' ) 二 丄 ( ） 
O (2W) - 0 (3W) - 0 ( IW) 二-J … 
,symmetry transformations used to generate equivalent atoms: 
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T a b l e 4 . A n i s o t r o p i c d i s p l a c e m e n t : p a r a m e t e r s x 1 0 " 3 ) f o r 40 一一 
T h e a n i s o t r o p i c d i s D l a c e m e n t f a c t o r e x i o o r i e n t c a k e s t h e f o r m ： 
- 2 p i " 2 [ h " 2 U l l + . . . - 2 h k a * b * CJ12 ] 
U l l U2 2 u3 3 U2 3 U13 U12 
N i ( l ) 2 4 ( 1 ) 3 4 ( 1 ) 3 1 ( 1 ) 1 0 ( 1 ) - 3 ( 1 ) 3 ( 1 ) 
F e X l ) 3 8 ( 1 ) 5 0 ( 1 ) 4 6 ( 1 ) 1 5 ( 1 ) - 5 ( 1 ) 9 ( 1 ) 
N ( l ) 3 4 ( 4 ) 3 8 ( 4 ) 3 7 ( 4 ) 1 1 ( 3 ) - 3 ( 3 ) 3 ( 3 ) 
N ( 2 ) 3 0 ( 4 ) 3 3 ( 4 ) 3 9 ( 4 ) 1 1 ( 3 ) - 3 ( 3 ) 7 (3 ; , 
N ( 3 ) 2 9 ( 4 ) 3 8 ( 4 ) 4 0 ( 4 ) 1 3 ( 3 ) - 4 ( 3 ) 3 ( 3 ) 
N ( d ) ( 4 ) 3 4 ( 4 ) 3 9 ( 4 ) 1 4 ( 3 ) - 1 ( 3 ) 4 ( 3 ) 
N ( 5 ) 3 9 ( 5 ) 6 4 ( 6 ) 7 3 ( 6 ) - 1 0 ( 5 ) - 1 9 ( 5 ) 
0 ( 1 ) .13 ( 5 ) 8 0 ( 6 ) 1 1 7 ( 7 ) 2 ( 5 ) - 2 1 ( 5 ) 
0 ( 2 ) , 7 4 ( 6 ) 1 0 2 ( 7 ) 9 0 ( 6 ) 9 ( 5 ) - 4 4 ( 5 ) z b j S ) 
C ( l ) 2 9 ( 5 ) 4 4 ( 5 ) 5 1 ( 5 ) - 3 ( 4 ) - 1 2 ( 4 ) 3 4) 
C ( 2 ) 5 2 ( 7 ) 7 8 ( 8 ) 7 0 ( 7 ) 3 0 ( 5 ) - 1 5 ( 6 ) 3 ( 引 
C ( 3 ) ^ ^ ( 6 ) 76 ( 7 ) 70 (7 ) 33 ( 6 ) - 1 2 ( 6 ) - 6 ( 5 ) 
C ( 4 ) 2 6 ( 5 ) 4 7 ( 5 ) 4 8 ( 5 ) 8 ( 4 ) - 4 ( 4 j 5 ( 4 ) 
C ( 5 ) ^ ^ ( 6 ) 4 3 ( 5 ) 5 7 ( 6 ) 1 2 ( 5 ) - 3 ( 5 ) 3 ( 5 ) 
C ( 6 ) 3 3 ( 5 ) 4 0 ( 5 ) 6 7 ( 6 ) 1 2 ( 5 ) 2 ( 5 ) "3 
C ( 7 ) ( 5 ) 5 0 ( 6 ) 4 9 ( 5 ) 1 4 ( 4 ) - 6 ( 5 ) 4 ( 4 ) 
C ( 8 ) 3 5 ( 5 ) 4 4 ( 5 ) 4 0 ( 5 ) 1 1 ( 4 ) 1 ( 4 ^ ^ "2 (4 ) 
C ( 9 ) 22 ⑷ 4 2 ( 5 ) 3 6 ( 4 ) 1 0 ( 4 ) - 1 4 ^ ^ 
C ( 1 0 ) 3 5 ( 5 ) 5 0 ( 5 ) 3 5 ( 4 ) 13 ⑷ 0 4 
C ( l l ) 3 8 ( 5 ) 6 1 ( 6 ) 5 7 ( 6 ) 2 6 ( 5 ) - 1 ” ^ ^ ^ ^ 
C 1 2 ) 5 1 ( 6 ) 5 4 ( 6 ) 5 9 ( 6 ) 3 5 ( 5 ) ^ 5 
C 1 3 ) 3 7 ( 5 ) 3 3 ( 5 ) 4 2 ( 5 ) 丨 -〒工 3二 
C ( 1 4 ) 4 9 ( 6 ) 4 1 ( 5 ) 3 6 ( 5 ) 14 4 1 ^ 1 冗 
C ( 1 5 ) 3 8 ( 5 ) 3 9 ( 5 ) 3 9 ( 5 ) 15 ^ 
C ( 1 6 ) 5 6 ( 6 ) 5 5 ( 6 ) 5 8 ( 6 ) 32 5 0 ^ - 1 。 ^ 
C ( 1 7 ) 3 3 ( 5 ) 6 3 ( 6 ) 5 1 ( 5 ) 26 5 置 
C ( 1 8 ) 3 2 ( 5 ) 4 3 ( 5 ) 3 9 ( 5 ) 8丄 ^ 芸 
C ( 1 9 ) 28(5) 4 1 ( 5 ) 3 6 ( 5 ) -二。 ” = 
C ( 2 0 ) 3 4 ( 5 ) 5 1 ( 5 ) 3 5 ( 5 ) ^ ；》⑵ 1 冗 
C ( 2 1 ) “ （ 6 ) 5 4 ( 6 ) 50 (6 ) 20 ⑶ - 1 6 ( 5 ) 0 
C ( 2 2 54 6 6 0 ( 6 ) 4 2 ( 5 ) 2 6 ( 5 ) 丨 * 
C ( 2 3 ) 5 0 ( 6 ) 4 8 ( 5 ) 3 5 ( 5 ) 18 4 - 2 U ！ 
C ( 2 4 ) 4 1 ( 5 ) 4 0 ( 5 ) 3 9 ( 5 ) 2 1 4 3 U 
C ( 2 5 ) 3 7 ( 5 ) 4 2 ( 5 ) 3 8 ( 5 ) 14 U 【 ⑵ 1 0 ⑴ 
C ( 2 6 ) 4 4 ( 5 ) 3 6 ( 5 ) 4 9 ( 5 ) 〒 4 1 ^ 仏 
C ( 2 7 ) 3 2 ( 5 ) 4 4 ( 5 ) 4 4 ( 5 ) 13 ^ ° ^ 
C ( 2 8 ) 2 1 ( 4 ) 3 7 ( 5 ) 4 2 ( 5 ^ 4 二； 【： 
C ( 3 1 ) 4 2 ( 5 ) 43 ( 6 ) 56 6) 2 1 ( 5 ) - 1 0 ( 5 ) J ; ^ 
C 32 1 3 6 ( 1 6 ) 7 1 ( 9 ) 6 3 ( 7 ) 3 4 ( 7 ) 3 0 ( 9 ) 琴 【 
C ( 3 3 ) 2 8 0 ( 2 0 ) 6 9 ( 9 ) 7 9 ( 9 ) 7 ” 巧^ ) ^ ^ 
C(34) 127(12) 65(8) 78(8) 7 二， 
C ( 3 5 ) 1 5 1 ( 1 4 ) 8 4 ( 1 0 ) 7 4 ( 8 ) 48 7 •琴⑶ • 含 ⑶ 
C ( 3 6 ) 1 4 0 ( 1 2 ) 5 9 ( 7 ) 5 4 ( 7 ) . 28 6 27 7 35 7 
C ( 4 1 ) 59(6) 4 2 ( 5 ) 4 6 ( 5 ) 1 7 ^ ) - H ) 【琴 
C ( 4 2 ) 8 9 ( 9 ) 7 0 ( 7 ) 3 1 6 ：^^^ ^ ^ ^ 
C(43) 1么3(1么） 71(8) 90(9 46(8) -26(10) 20 9) 
C 1 3 o ! i 4 i 104 111) 81(10) 6^(9) - l l U O ) 
C ( 4 5 ) 9 8 ( 1 1 ) 1 3 1 ( 1 2 ) ^ 9 ( 8 ) S I 9 3 ^ S {1Q) 
C ( 4 6 ) 6 0 ( 7 ) 7 9 ( 8 ) 6 2 ( 6 ) 3 6 ^ | " 5 5 
C(47) 49(6) 63(6) 52(6 25 5 1。雪 
C ( 4 8 ) 3 2 ( 5 ) 5 4 ( 6 ) 5 2 ( 6 ) 20 5 : J ! 
C ( 5 1 ) 2 7 ( 5 ) ‘ 5 4 ( 6 ) 5 1 ( 5 ) 22 5 " 
C ( 5 2 ) 3 9 ( 5 ) 4 4 ( 5 ) 4 2 ( 5 ) 1 4 ， - 二 ^ ； 
C ( 5 3 ) 3 2 ( 5 ) 4 8 ( 6 ) 7 0 ( 6 ) i H S ) - 1 7 ( 5 ) -2(，） 
141 
C ( 5 4 ) 45 (6 ) 4 1 ( 5 ) 57 (6) - 9 ( 5 ) 5 ( 5 ) 
C ( 5 5 ) 3 6 ( 5 ) 4 8 ( 5 ) 5 3 ( 6 ) 17(5、丨 - 7 ( 5 ) 1 2 ⑷ 
C ( 5 6 ) 8 3 ( 9 ) 7 5 ( 8 ) 5 5 ^ 7 ) 3 9 ( 5 ) 1 6 ( 7 ) 3 3 ( 7 ) 
C ( 5 7 ) 60 (7) 8 4 ( 8 ) 63 (7) 4 2 ( 7 : - 6 ( 6 ) 2 5 ( 7 ) 
C ( 5 3 ) 7 1 ( 8 ) 1 0 2 ( 9 ) 52 (6) 3 5 ( 6 ] 8 ( 6 ) 2 3 ( 7 ) 
C(S9) 50 ( 7 ) 8 4 ( 9 ) 3 5 ( 3 ) 4 9 ( 7 ) 16 ( 6 ) 1 7 ( 5 ) 
C ( 6 0 ) 77 (9 ) 7 7 ( 9 ) 3 4 ( 9 ) 4 7 ( 7 ) - 3 0 ( 3 ) - 2 0 ( 7 ) 
C ( 6 1 ) 1 2 8 ( 1 5 ) 162 (16 ) 1 3 9 ( 1 4 ) 39 (13) 4 4 ( 1 2 ) 3 7 ( 1 2 ) 
C l ( 2 ) 311 (10) 234 (8) 145 (5) 45(5) 廷 5(6) -1丄（7;, 
C l ( 3 ) 1 1 9 ( 5 ) 3 6 9 ( 1 1 ) 2 4 0 ( 7 ) 1 5 7 ( 3 ) 2 2 ( 5 ) 24 (o； 
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Tabl~ S. Hydrogen coo~dinates ( x 10 A 4) a~d isot~~pic 
displacement pa~ame~e~s (AA 2 x 10 A3) :or 40 
x y z 
H(2A) 
-27065 -5954 
-3155 
H(3A) -25078 -5216 
-7355 
H(5A) -26102 -7000 
-5780 
H (6A) -28067 -7710 
-6637 
H(11.Zl..) -22451 -3631 
-5177 
H (12A) -20789 -2135 
-6164 
H (16A) -16110 -492 
-4629 
H (17A) -14909 -696 
-3408 
H (21A) -15933 -2846 -1216 
H (2 2A) -17647 -4215 -1119 
H (2 6A) -21955 -6365 -3156 
H (27A) -23072 -6264 -4473 
H (3 2A) -18415 176 -4640 
H (33A) -18109 1224 -5523 
H ( 34A) -17855 629 -7043 
H (3SA) -17929 -1014 -7702 
H (3 6A) -18224 -2045 -6814 
H (4: 2Pd -18577 -6148 -2153 
H (43A) -19021 -7156 -1232 
H (4 4A) -20709 -7183 -401 
H (45A) -21892 -6181 -473 
H (4 6A) -21416 -5159 -1390 
H (5 2A) -11503 -698 -1263 
H (53A) -10274 875 83 
H (54A) -11740 1794 882 
H (5 5AJ -13943 829 50 
H (56A) -12085 -2066 161 
H (5 7A) -10762 -530 1461 
H (58A) -12156 466 2272 
H (5 9A) -14377 -411 1504 
H ( 60A) -14333 -1988 197 
H(61A) -24233 -1311 2922 
H (61B) -24004 -1352 2859 
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... 
U(eq) 
83 
79 
62 
62 
62 
62 
71 
63 
63 
63 
55 
51 
122 
159 
104 
118 
97 
83 
120 
124 
123 
83 
52 
65 
61 
58 
83 
79 
89 
83 
101 
162 
162 
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